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Morphology, Chemical, and Phase 
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Co-Ni, Fe-Ni, and Mo-Ni-O Powders 
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5.1 Introduction 


The alloy powders of the iron-group metals are of great interest for 
many industrial applications [1-88]. 

Ultrafine Co-Ni powders showed significant promise for future 
development of hard materials [1, 2], magnetic materials [3-5], 
commercial batteries [6], catalysts [7-9], catalyzing electroplates 
[10, 1 1], hydrogen absorbing alloy anodes [12], and magnetoresistive 
sensors [13, 14]. The powders for these applications were made by 
several different techniques such as mechanical alloying-ball milling 
[15, 16], sonochemical synthesis [17-19], chemical reduction 
[13, 14, 20-23], synthesis in microemulsion [24, 25], gas evaporation 
[26, 27], multimellow reduction [28, 29], coprecipitation [30], gas 
reduction [31, 32], freeze-drying [33], and spray pyrolysis [34]. 
Depending on the technique used for powders synthesis, dimensions 
of Co-Ni powder particles varied from 40 nm [33] to 700 nm [34]. 
Unfortunately, limited number of papers concerning Co-Ni powder 
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electrodeposition exists in the literature [35-40]. Among them four 
are our publications [37^11]. As shown in these papers [37-41], 
the morphology and composition of electrodeposited powders 
were found to be sensitive to the solution composition (to the ratio 
of Ni 2+ /Co 2+ ions concentration). 

Fe-Ni-based alloy powders are known as promising soft magnetic 
materials with low coercivity and high permeability [42-66]. Most of 
the literature data concerning the procedure of their production deal 
with the mechanical alloying using ball-milling process [42-55]. 
It is shown that the grain size of particles is closely related to the 
magnetic properties of Fe-Ni alloy powders obtained by mechanical 
alloying, being also very sensitive to the conditions of ball-milling 
process (the vial rotation speed, the disc rotation speed, and the time 
of milling). Gas condensation method using Ar with H 2 as convection 
gas is used for preparing nanograined Fe-12Ni powders [56]. In this 
investigation it is shown that the fcc-to-bcc phase transformation 
might be inhibited if the grain size is sufficiently small (below 
27 nm). Nanocrystalline FeNi 3 powders with the particles size of 
40-50 nm, prepared by powder processing (calcination of the Fe: 
Ni = 1:3 mixture of Fe and Ni oxalates with subsequent annealing in 
hydrogen atmosphere at 600° C), showed higher coercive force and 
lower permeability, with such behavior being explained by the role of 
interfacial regions in the samples [57]. Hydrodynamic electrospray 
technique [58] and electroless plating procedure [59] were also used 
for the synthesis of nanosized Fe-Ni powders. Recently it is discov¬ 
ered that these powders could be used for the absorption of electro¬ 
magnetic waves [60, 61], which is a very important issue for both 
commercial and military application. Fe-Ni nanofibers for this appli¬ 
cation were synthesized by calcination and subsequent hydrogen 
reduction of electrospun Fe, Ni nitrates, and polystyrene [61]. 

Among our recent papers [62, 63] the electrodeposition of Fe-Ni 
alloy powders was the subject of only few papers. Zhelibo et al. [64, 
65] suggested a method for producing very fine Fe-Ni alloy powder 
by electrolysis in a two-layer electrolytic bath, using a hydrocarbon 
solvent from an oil refining fraction as an upper organic layer with 
evaporation at 180°C, and subsequent reduction annealing in a 
hydrogen atmosphere. The influence of the reduction annealing tem¬ 
perature [64] and the electrolysis temperature [65] on the formation, 
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chemical and phase composition, structure, and magnetic properties 
of highly dispersed Fe-Ni alloy powders were investigated and the 
optimal thermal conditions for the production of powders with 
micron-sized particles were determined [64, 65]. The effect of 
complexing agents (citric and oxalic acid) on the process of Fe-Ni 
alloy powders was also investigated [66]. It was shown that 
complexing agents influence the kinetics of powders electrodeposi¬ 
tion as well as the morphology of the Fe-Ni powders. Finer powders 
were produced in the presence of citric acid in comparison with those 
obtained in the presence of oxalic acid [66]. 

The subject of our recent investigations was the analysis of mor¬ 
phology and composition of electrodeposited Fe-Ni powders as a 
function of the solution composition [62], as well as the possibility of 
NiFe 2 0 4 formation after additional oxidation of electrodeposited 
powders [63]. 

One of the components of the Fe-Ni system, formed by oxidation 
of Fe-Ni mixture at high temperatures, is a nickel ferrite, NiFe 2 0 4 , 
an inverse spinel in which the tetrahedral sites are occupied by Fe 3+ 
ions and octahedral sites by Fe 3+ and Ni 2+ ions [67]. 

According to the literature [68, 69], the NiFe 2 0 4 is the most 
suitable material for device applications in the upper microwave 
and lower millimeter wave ranges. At the same time, NiFe 2 0 4 was 
found to be a highly reproducible humidity [70] and gas [71, 72] 
sensor material. Numerous techniques, such as ferrite plating 
[73, 74], oxidation of metallic films [75], arc plasma method [76], 
chemical transport [77, 78], chemical vapor deposition [79-82], the 
dip coating process [83], spray pyrolysis [84, 85], and pulsed wire 
discharge [86], have been used for the preparation of NiFe 2 0 4 films. 
The main difficulty of these methods is the limit in the choice of 
substrate material, since it must be kept at a high temperature after 
deposition. In the work of Sartale et al. [87] less expensive and 
more popular method for the preparation of the spinel nanocrystalline 
NiFe 2 0 4 films has been proposed. The procedure was based on 
the electrodeposition of NiFe 2 alloy coating from a nonaqueous 
ethylene glycol sulfate bath and subsequent electrochemical oxida¬ 
tion of the alloy in an aqueous alkaline bath at room temperature. It is 
shown that the air annealing of the as-deposited NiFe 2 0 4 thin films at 
500°C for 5 h improved the crystallinity and morphology of the films. 
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In the work of Fang et al. [88] the NiFe 2 0 4 ultrafine powder with high 
crystallinity has been prepared through a reverse microemulsion 
route. After optimizing the composition in the starting solution, the 
resulting NiFe 2 0 4 was formed at a temperature of about 550-600°C, 
which is much lower than that observed from the solid state reaction. 
Magnetic investigation indicates that samples are soft magnetic 
materials with low coercivity and with the saturation magnetization 
close to the bulk value of nickel ferrite. Most recently NiFe 2 0 4 
nanoparticles were synthesized via solid state reaction process of 
the Fe 67 Ni 33 alloy nanopowder at different annealing temperatures 
in the air [89]. It was shown by XRD and TEM analysis that NiFe 2 0 4 
started to form at around 450°C, being well defined after annealing at 
550° C with the powder particle size ranging between 15 and 50 nm. 

The Mo-Ni alloys possess several useful properties: exceptional 
corrosion and wearing resistance [90-92], high catalytic activity for 
hydroprocessing of aromatic oils [93], and gas phase hydrogenation 
of benzene [94], as well as high hardness [95]. Their catalytic activity 
for hydrogen evolution has been one of the most investigated 
properties in the literature [96-110]. 

The Mo-Ni alloys can be produced by several methods, from which 
metallurgical ones are not convenient because of easy oxidation and 
high melting temperature of molybdenum. The powder metallurgy and 
mechanical alloying [111, 112], spark plasma sintering [113], 
and laser cladding [114] are mostly used for the Mo-Ni alloy prepara¬ 
tion. Recently, coated superconductor tapes of high mechanical 
strength were made of the Mo-Ni alloy powder by rolling assisted 
biaxially textured substrates method (RABiTS™) [115]. 

All the above-mentioned methods are expensive in comparison 
with the electrodeposition of Mo-Ni alloy coatings. Although molyb¬ 
denum cannot be separately deposited from aqueous solutions, it 
can be codeposited with the iron-group metals (Fe, Co, Ni) in the 
presence of appropriate complexing agents, by the type of alloy 
electrodeposition defined by Brenner [116] as induced codeposition. 

Most of the papers concerning electrodeposition of compact 
Mo-Ni alloy coatings are dealing with the mechanism of their elec¬ 
trodeposition (mechanism of induced codeposition), and according to 
the literature, the most probable mechanism is the one reported by 
Podlaha and Landolt [117-120]. 
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It should be emphasized here that, except our recent papers 
[121-123], there are no papers in the literature concerning electrode¬ 
position of Mo-Ni alloy powders (actually powders of the system 
Mo-Ni-O) and their characterization. 


5.2 System Co-Ni 

Electrodeposition of Co-Ni powders was performed in two types 
of ammonium hydroxide containing electrolytes: 1 M (NH 4 ) 2 S0 4 + 
0.7 M NH 4 OH and 1 M NH 4 C1 + 0.7 M NH 4 OH. In sulfate containing 
electrolytes cobalt and nickel sulfates were used, while in 
chloride containing electrolytes cobalt and nickel chlorides 
were used as a source of Co 2+ and Ni 2+ ions [37^10]. The Co-Ni 
alloy powders were also electrodeposited from a solution con¬ 
taining 0.4 M H 3 BO 3 + 0.2 M Na 2 S0 4 and Ni and Co sulfate 
salts [41]. Three different Ni 2 + /Co 2+ concentration ratios were used: 
Ni 2 + /Co 2+ = 1.00 (0.01 MNiS0 4 /0.01MCoS0 4 );Ni 2 + /Co 2+ = 0.50 
(0.01 M NiS0 4 /0.02 M CoS0 4 ); and Ni 2 + /Co 2+ = 0.33 (0.01 M 
NiS0 4 /0.03 M CoS0 4 ). From this solution Co-Ni alloy powders 
were electrodeposited at a constant current density of approximately 
70 mA cm -2 , corresponding to the cell voltage of about 5.0 V [41]. 


5.2.1 Polarization Curves for Co-Ni Alloy Powders 
Electrodeposition from Ammonium 
Sulfate-Ammonium Hydroxide Electrolyte 

In Fig. 5.1 are shown polarization curves corrected for IR drop 
(see Chap. 2), for the processes of Co, Ni, and Co-Ni alloy powders 
electrodeposition from ammonium sulfate-ammonium hydroxide 
containing supporting electrolyte (1 M (NH 4 ) 2 S0 4 + 0.7 M NH 4 OH). 
As can be seen their shape is identical to that for pure Co, Fe, and Ni 
powders electrodeposition, characterized with two inflection points, 
A and B. For Co electrodeposition, sharp increase of current occurs at 
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Fig. 5.1 Polarization curves for the electrodeposition of cobalt (Co), nickel (Ni), 
and Co-Ni alloy powders after IR drop correction recorded for different Ni 2+ /Co 2+ 
ions ratios: 4.00, 1.50, 0.67, and 0.25 (marked in the figure) (Reprinted from [40] 
with the permission of Elsevier.) 

about —1.19 V, while for Ni electrodeposition this phenomenon is 
moved to more negative potentials (at about —1.30 V), indicating that 
the overvoltage for Ni electrodeposition in this solution is for about 
0.1 V higher than that for Co electrodeposition, as it is the case for 
hydrogen evolution from pure supporting electrolytes (Fig. 2.24). 
In the case of alloy electrodeposition sharp increase of current den¬ 
sity on the polarization curves recorded for Ni 2+ /Co 2+ ratios 4.00, 
1.50, and 0.67 takes place at almost identical potentials, while the one 
for Ni 2+ /Co 2+ = 0.25 is moved to more positive potential, close to 
the polarization curve for pure Co. 

Polarization curves corresponding only to the processes of elec¬ 
trodeposition of pure metals and alloy powders are shown in 
Fig. 5.2a, while corresponding rjj vs. E curves for alloy powders 
electrodeposition are presented in Fig. 5.2b. 

As can be seen, significantly different polarization curves are 
obtained indicating different contribution of the hydrogen evolution 
current in all cases. It is quite interesting (Fig. 5.2a) that diffusion 
limiting current densities for Co and Ni are significantly different for 
the same cations concentration (0.1 M),y 1(Co) = —0.76 A cm -2 and 
y'i(Ni) = —0.36 A cm -2 . Taking into account these values, it is 
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Fig. 5.2 (a) Polarization curves for the electrodeposition of cobalt (Co), nickel 
(Ni), and Co-Ni alloy powders (after subtraction of the current density for 
hydrogen evolution) recorded for different Ni 2+ /Co 2+ ions ratios: 4.00, 1.50, 
0.67, and 0.25 (marked in the figure), (b) Corresponding current efficiency vs. 
potential curves for Co-Ni powders electrodeposition (Reprinted from [40] with 
the permission of Elsevier.) 


obvious that at the same concentration of their ions the difference in 
their diffusion limiting current densities could be either due to differ¬ 
ent complexes that those metals may form with ammonia [124], or due 
to different metal electrodeposition process (difference in the contri¬ 
bution of hydrogen evolution current). Since both metals form the 
same number of complexes with ammonia (6 complexes) and their 
stability constants are very similar [124], it is most likely that the 
complex formation is not responsible for the observed difference in 
diffusion limiting current densities for Ni and Co. On the other side, 
hydrogen evolution current density in the case of Co electrodeposition 
is higher than that for Ni electrodeposition in the region of the 
diffusion limiting current, indicating that most likely this phenomenon 
could be ascribed to the increase of the real surface area during metal 
(powder) electrodeposition. It is important to note that it is quite 
difficult to make any convincing conclusion concerning this phenom¬ 
enon, since there is no possibility to obtain the data about the increase 
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of the real surface area of the electrode during the processes of Co 
and Ni powders and Co-Ni alloy powders electrodeposition. If the 
increase of the real surface area is more pronounced during Co 
electrodeposition, the diffusion limiting current density could be 
lower and its value could be closer to the one obtained for Ni electro¬ 
deposition. According to the morphology of Co and Ni powders 
[37^10], it is most likely that the increase of the real surface area 
during the electrodeposition of Co is much higher than that for Ni 
electrodeposition. 

It is interesting to note that the current density plateaus (diffusion 
limiting current densities) for the electrodeposition of Co-Ni alloys 
at the Ni 2+ /Co 2+ ratios 4.00 and 0.25 are higher than that for pure Co 
electrodeposition. The reason for such behavior is the fact that the 
total concentration of cations in these two solutions was not 0.1 M, 
since the compositions of these solutions were 0.1 M NiS0 4 + 
0.025 M CoS0 4 + 1 M (NH 4 ) 2 S0 4 + 0.7 M NH 4 OH; 0.025 M 
NiS0 4 + 0.1 M CoS0 4 + 1 M (NH 4 ) 2 S0 4 + 0.7 M NH 4 OH (total 
concentration of cations 0.125 M). At the same time, the current 
efficiency for Co-Ni powder electrodeposition is the highest in these 
two solutions. Such behavior is most probably the consequence of the 
independence of the current density for hydrogen evolution on 
the total concentration of cations, so that the same curve for hydrogen 
evolution is subtracted from the higher values of j tot (see Fig. 5.2a). 


5.2.2 Polarization Curves for Co-Ni Alloy Powders 
Electrodeposition from Ammonium 
Chloride-Ammonium Hydroxide Electrolyte 

The polarization curves corrected for IR drop for the processes of 
pure cobalt (Co), pure nickel (Ni), and Co-Ni alloy (powders) elec¬ 
trodeposition from ammonium chloride-ammonium hydroxide 
containing supporting electrolyte are presented in Fig. 5.3 (in this 
case the total concentration of cations in all investigated solutions was 
0.1 M). As can be seen, cobalt electrodeposition (Co) commences at 
about —1.1 V, while sharp increase of current density (massive Co 
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Fig. 5.3 Polarization curves for the electrodeposition of cobalt (Co), nickel (Ni), 
and Co-Ni alloy powders after IR drop correction recorded for different Ni 2+ /Co 2+ 
ions ratios: 4.00, 1.50, 0.67, and 0.25 (marked in the figure) 


electrodeposition and hydrogen evolution) occurs at about —1.19 V. 
In the case of nickel electrodeposition (Ni), sharp increase of current 
density is moved to more negative potentials (at about —1.30 V), 
indicating that the overvoltage for massive Ni electrodeposition 
(and hydrogen evolution) in this solution is for about 0.1 V higher 
than that for Co electrodeposition, as it is the case for hydrogen 
evolution from pure supporting electrolytes (see Fig. 2.24, Chap. 2). 
In the case of Co-Ni alloy powders electrodeposition, polarization 
curves recorded for all Ni 2+ /Co 2+ ratios are placed between the polar¬ 
ization curves for pure Co and pure Ni. 

Polarization curves corresponding only to the processes of electro¬ 
deposition of pure metals and alloy powders are shown in Fig. 5.4a, 
while corresponding r/j vs. £ curves for pure metals and alloy powders 
electrodeposition are presented in Fig. 5.4b, respectively. 

As in the case of sulfate supporting electrolyte (Fig. 5.2a), “diffu¬ 
sion limiting current density” (in this case not represented with the 
plateau) for Co is higher than that for Ni (Fig. 5.4a). At the same time, 
all polarization curves for Co-Ni alloy powders electrodeposition 
are characterized with higher values of current densities, indicating 
more efficient process of powders formation in the chloride 
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a b 




E/Vvs. Ag|AgCI 


E/Vvs. Ag|AgCI 


Fig. 5.4 (a) Polarization curves for the electrodeposition of cobalt (Co), nickel 
(Ni), and Co-Ni alloy powders (after subtraction of the current density for 
hydrogen evolution) recorded for different Ni 2+ /Co 2+ ions ratios: 4.00, 1.50, 
0.67, and 0.25 (marked in the figure), (b) Corresponding current efficiency vs. 
potential curves for cobalt (Co), nickel (Ni), and Co-Ni powders electrodeposi¬ 
tion (Reprinted from [39] with the permission of Elsevier.) 


supporting electrolyte. This statement is supported with the rj j vs. 
E curves presented in Fig. 5.4b, where the current efficiency for 
powders electrodeposition is much higher than that in the sulfate 
supporting electrolyte (Fig. 5.2b). 


5.2.3 Chemical Compositions of the Co-Ni 
Alloy Powders 

All powder samples for chemical analysis, phase composition 
analysis, and morphology investigations were electrodeposited at 
the room temperature in the cylindrical glass cell of the total volume 
of 1 dm 3 with cone-shaped bottom of the cell to collect powder 
particles in it. Working electrode was a glassy carbon rod of the 
diameter of 5 mm with a total surface area of 7.5 cm 2 immersed in the 
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solution and placed in the middle of the cell. Cylindrical Pt-Ti mesh 
placed close to the cell walls was used as a counter electrode 
providing excellent current distribution in the cell. 

In all cases certain small amount of disperse deposit remained on 
the glassy carbon electrode, while only powder particles that were 
detached from the electrode surface and collected at the cone-shaped 
bottom of the cell were analyzed. 

Chemical composition of all electrodeposited Co-Ni alloy powders 
was determined by the AAS technique after dissolving certain amount 
of powders in HC1. The compositions of powders electrodeposited from 
sulfate and chloride containing supporting electrolytes were different. 


5.2.3.1 Chemical Compositions of the Co-Ni Alloy 
Powders Electrodeposited from Ammonium 
Sulfate-Ammonium Hydroxide Electrolyte 

The dependence of atomic percentages of both metals as a function of 
Ni 2+ /Co 2+ ratio is presented in Fig. 5.5a. As it could be expected, the 
content of Ni increases, while the content of Co decreases with the 
increase of the Ni 2+ /Co 2+ ratio. 

It is well known that the electrodeposition of compact deposits of 
Co-Ni alloys belongs to the type of anomalous codeposition 
according to Brenner’s classification [116]. The influence of the 
electrolyte composition on the alloy powder composition is shown 
in Fig. 5.5a, b. As can be seen in Fig. 5.5a, the content of Ni increases 
by increasing the ratio of Ni 2+ /Co 2+ ions, while the content of 
Co decreases and both dependences are approximately linear after 
sharp increase (decrease) at low values of Ni 2+ /Co 2+ . According to 
Brenner’s classification [116], the behavior presented in Fig. 5.5b 
indicates two types of powder codeposition: irregular, up to about 60 
at.% of Ni (or 40 at.% of Co) in the solution and anomalous at higher 
amounts of Ni. The irregular codeposition is expected to occur in 
systems in which the static potentials of the parent metals are close 
together and with metals that form solid solution. Both conditions are 
fulfilled for the system Co-Ni [116]. The characteristic of anomalous 
codeposition is that it occurs only under certain conditions of con¬ 
centration and operating variables for a given plating bath [116]. 
Hence, if the deposition of the more noble metal is so strongly 
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Fig. 5.5 (a) Composition of powders as a function of the Ni 2+ /Co 2+ ions ratio, 
(b) Corresponding diagram according to Brenner’s classification [116] (Reprinted 
from [38] with the permission of Springer-Verlag.) 


inhibited that no current can be recorded as the potential is driven 
negative, at some potential the less noble metal would start deposit¬ 
ing causing the increase of deposition current. At some more nega¬ 
tive potential a breakthrough in the deposition of the more noble 
metal may happen as a result of reduction or removal of the additive 
or by opening some alternative mechanism of discharge, not opera¬ 
tive at less negative potential. Such a case is found in the deposition 
of Ni-Zn alloys and is explained by “the hydroxide suppression 
mechanism” [125, 126]. It has already been shown that from simple 
salt containing electrolytes codeposition of Co and Ni possesses 
anomalous character [116, 127-129], as well as in the electrolytes 
containing metal complexes [130], but in all cases compact deposits 
were obtained. As can be seen in Fig. 5.5b, at the conditions of 
powder electrodeposition where both components deposit at their 
diffusion limiting current densities, irregular and/or anomalous char¬ 
acter of Co-Ni alloy deposition is achieved, depending on the solu¬ 
tion composition. 
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Fig. 5.6 (a) Composition of powders as a function of the Ni 2+ /Co 2+ ions ratio, 
(b) Corresponding diagram according to Brenner’s classification [116] (Reprinted 
from [39] with the permission of Elsevier.) 


5.2.3.2 Chemical Compositions of the Co-Ni Alloy 
Powders Electrodeposited from Ammonium 
Chloride-Ammonium Hydroxide Electrolyte 

The same dependences as in Fig. 5.5 are presented in Fig. 5.6 for 
chloride containing supporting electrolyte. In this case anomalous 
codeposition is obtained for all Co-Ni alloy powders compositions, 
with the more noble metal electrodeposition (Ni) being suppressed by 
the presence of the less noble metal (Co) in the solution, i.e., less 
noble metal is more readily deposited. 


5.2.3.3 Chemical Compositions of the Co-Ni Alloy Powders 
Electrodeposited from Borate-Sulfate Electrolyte 

The polarization curves for this system showed that the current 
efficiency for Co-Ni powder formation is very low, about 1-2%. 
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Fig. 5.7 Diagram corresponding to Brenner’s classification for the Co-Ni 
powders electrodeposited from borate-sulfate containing electrolyte (results of 
chemical analysis —open squares, result of EDS analysis —open triangle — 
agglomerates, open circle —fem like dendrites) 


In this case longer time for powders deposition was needed in order 
to obtain sufficient amount of powder to be analyzed [41]. 

In Fig. 5.7 is shown diagram corresponding to Brenner’s classifi¬ 
cation for this system. Since the morphology of electrodeposited 
powders was different for different values of the Ni 2+ /Co 2+ ratios 
(see Figs. 5.18-5.20), composition of all powders was determined by 
the chemical analysis (□), while the powder with the highest amount 
of cobalt (Ni 2+ /Co 2+ = 0.33) was analyzed by the EDS analysis too. 
According to the results presented in Fig. 5.7, anomalous 
codeposition is characteristic for all investigated solutions, being 
more pronounced for lower values of Ni 2+ /Co 2+ ratios. As can be 
seen in Fig. 5.7, the composition of agglomerates (see Fig. 5.20a) 
showed lower content of Ni (A), while the composition of fern-like 
dendrites (see Figs. 5.18a, b, 5.19a, and 5.20b) showed higher content 
of Ni (O) in comparison with the results of chemical analysis (□). 
The average value of the EDS analysis for both morphologies was 
identical to the chemical composition analysis. 
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Fig. 5.8 Diffractograms of the Co-Ni powders electrodeposited from the 
solutions of different Ni 2+ /Co 2+ ions ratios (marked in the figure). The phase 
composition was identical for powders electrodeposited from sulfate and chloride 
supporting electrolytes (Reprinted from [38] with the permission of Springer- 
Verlag.) 


5.2.4 Phase Compositions of the Co-Ni 
Alloy Powders 

The phase composition of all alloy powder samples was determined 
by the X-ray technique. The X-ray diffraction patterns of all four 
samples electrodeposited from ammonium hydroxide containing 
solutions are shown in Fig. 5.8. 

As can be seen, XRD patterns contain the characteristic peaks for 
Ni-based solid solution (Ni-rich phase, /J-Ni phase) (Y) with face- 
centered cubic lattice (f.c.c., space group Fm3m) and h.c.p. a-Co 
phase (V). It is seen in Fig. 5.8 that with the decrease of Ni 2+ /Co 2+ 
ions ratio peaks for /?-Ni phase (Y) become smaller and some of them 
disappear, while the peaks for h.c.p. a-Co phase (V) become more 
pronounced. For samples electrodeposited from the solutions containing 
higher concentration of Ni 2+ ions than Co 2+ ions (Ni 2+ /Co 2+ = 4.00 
and 1.50) only the presence of /?-Ni phase (Y) was detected, while at 
concentration ratios Ni 2+ /Co 2+ < 1 h.c.p. a-Co phase (V) together with 
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Table 5.1 Crystallite size of phases detected in the Co-Ni powders 


Ni 2+ /Co 2+ 

fi-Ni phase (nm) 

a-Co phase (nm) 

4.00 

24 


1.50 

28 


0.67 

31 

17 

0.25 

30 

16 


Reprinted from [38] with the permission of Springer-Verlag 



Fig. 5.9 Diffractograms of the Co-Ni powders electrodeposited from the solutions 
of different Ni 2+ /Co 2+ ions ratios (marked in the figure) from the borate-sulfate 
containing solutions (j8-Ni phase —inverted filled triangle, a-Co phase —inverted 
open triangle, f.c.c. Co phase —open triangle ) 


/J-Ni phase (T) was detected in the alloy powder deposit. The 
dimensions of crystallites for both phases were determined from the 
diffractograms presented in Fig. 5.8 using Scherrer formula [131]. The 
results are presented in Table 5.1. 

The X-ray diffraction patterns of three samples electrodeposited 
from borate-sulfate containing solutions are shown in Fig. 5.9. 

The XRD patterns contain the characteristic peaks for Ni-based 
solid solution (Ni-rich phase, /J-Ni phase) (Y) with face-centered cubic 
lattice (f.c.c., space group Fm3m) and h.c.p. a-Co phase (V). It is seen 
in Fig. 5.9 that with the decrease of Ni 2+ /Co 2+ ions ratio peaks for /?-Ni 
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phase (T) become smaller and some of them disappear, while 
the peaks for h.c.p. a-Co phase (V) become more pronounced and 
f.c.c. Co phase (A) becomes visible (0.50 and 0.33). According to the 
literature [132], the f.c.c. Co phase could be expected at temperatures 
higher than 450° C, while in the case of alloy powder electrodeposition 
this stmcture has been formed at the room temperature, indicating that 
during the process of alloy powder electrodeposition the conditions 
for the formation of this phase are fulfilled and that in the case of 
alloy powder electrodeposition the data available in the literature for 
equilibrium conditions of corresponding alloy formation [132] are not 
fully reliable. 


5 . 2.5 The Morphology of the Co-Ni Alloy Powders 

The morphology of pure Co and pure Ni powders electrodeposited 
from ammonium sulfate or ammonium chloride supporting electro¬ 
lytes, as well as the mechanism of powder agglomerates formation, 
has been discussed in Chap. 2. The mechanism of alloy powders 
formation is practically the same as that of pure metal powders. The 
morphology was found to depend mainly on the Ni 2+ /Co 2+ ions ratio 
(i.e., the composition of the alloy powders) and to some extent on the 
presence of sulfate or chloride anions, or borate. 


5.2.5.1 The Morphology of the Co-Ni Alloy Powders 
Electrodeposited from the Sulfate Containing 
Supporting Electrolyte 

The morphology of the Co-Ni alloy powders electrodeposited at the 
current density j = 0.5 A cm -2 from the electrolytes containing 
different Ni 2+ /Co 2+ ions ratio is shown in Figs. 5.10-5.13. As can 
be seen, the morphology of Co-Ni alloy powder is sensitive to the 
Ni 2+ /Co 2+ ions ratio, i.e., to the composition of the alloy powder. 

In the powder containing the highest amount of Ni, of about 
64 wt.% Ni, electrodeposited at the Ni 2+ /Co 2+ = 4.00, more than 
90% of agglomerates were typical spongy agglomerates varying in 
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Fig. 5.10 Typical powder agglomerate detected in the powder electrodeposited at 
the Ni 2+ /Co 2+ = 4.00 (Reprinted from [38] with the permission of Springer-Verlag.) 


size from about 50 pm to about 200 pm, shown in Fig. 5.10. Very few 
cauliflower-like agglomerates of slightly different shape than those 
typical for pure Ni powder were also detected in the alloy powder. 
One such particle is marked with the arrow in the upper right comer of 
Fig. 5.10. It is important to note that this particle has a flat surface on 
one side, indicating that this type of growth belongs to the beginning 
of the powder formation with this particle falling off from the elec¬ 
trode surface before a bigger, typical spongy agglomerate is formed. 
Spongy agglomerates are more similar to the ones detected in pure Co 
powder, with the presence of large number of cavities, but contrary to 
the situation in the case of pure Co powder, here practically none of 
the cavities possess fem-like dendrites on their bottom, indicating that 
most of the agglomerates detached from the electrode surface before 
the hydrogen bubble in the cavity was liberated. It is interesting that 
practically no dendrites are found in this powder, although about 
26 wt.% of Co is present in the powder. 

As the Ni 2+ /Co 2+ ions ratio in the electrolyte decreases from 4.00 
to 1.50, the composition of the Co-Ni alloy powder changes from 
about 78 at.% Ni—22 at.% Co to about 56 at.% Ni—44 at.% Co 
(Fig. 5.5) and this change influences the morphology of the powder. 
All powder agglomerates electrodeposited at Ni 2+ /Co 2+ = 1.50 are 
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Fig. 5.11 Typical powder agglomerates detected in the powder electrodeposited at 
the Ni 2+ /Co 2+ = 1.50 (Reprinted from [38] with the permission of Springer-Verlag.) 


covered with the fem-like dendrites (Fig. 5.11b). Only a few 
agglomerates are bigger (about 200 pm) and the number of cavities 
observed on them is significantly reduced (Fig. 5.11a) in comparison 
with the one obtained at the ratio Ni 2+ /Co 2+ = 4.00. As can be 
seen in Fig. 5.11a, significant number of dendritic agglomerates is 
detected in this powder deposit (around the agglomerate). Very few 
spongy-like agglomerates of the size of about 500 pm are also present 
in the powder and they are also covered with the fern-like dendrites, 
indicating that in the presence of higher amount of Co in the powder 
dendritic growth prevails. With further decrease of the Ni 2+ /Co 2+ 
ions ratio (0.67) in the electrolyte, the composition of the Co-Ni 
alloy powder changes towards lower content of Ni (Fig. 5.5) and the 
morphology of powder agglomerates is slightly different. In this case 
the number of agglomerates increases in comparison with the ratio 
Ni 2+ /Co 2+ = 1.50, with the shape of agglomerates being different, as 
can be seen in Fig. 5.12a-c. The common characteristic of all 
agglomerates obtained at Ni 2+ /Co 2+ = 0.67 is that they are covered 
with the fem-like dendrites. At the same time, higher amount of 
dendritic particles (around the agglomerate shown in Fig. 5.12b) is 
formed during Co-Ni powder electrodeposition. The size of dendrite 
particles vary from about 5 pm to about 50 pm. 

In the Co-Ni alloy powder deposit with the highest percentage of 
Co (85 at.%), Fig. 5.13, different types of agglomerates could be 
detected (1) spongy-like agglomerates of the size of about 500 pm 
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Fig. 5.12 Typical powder agglomerates detected in the powder electrodeposited 
at the Ni 2+ /Co 2+ = 0.67 (Reprinted from [38] with the permission of Springer- 
Verlag.) 



Fig. 5.13 Typical powder agglomerates detected in the powder electrodeposited 
at the Ni 2+ /Co 2+ = 0.25 (Reprinted from [38] with the permission of Springer- 
Verlag.) 
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covered with the fern-like dendrites, also found in the powder 
obtained at Ni 2+ /Co 2+ = 0.67 (Fig. 5.12c); (2) compact agglomerates, 
characteristic for pure Co powder deposit (Fig. 5.13a); and (3) 
agglomerates composed of closely packed fern-like dendrites about 
200 pm long (Fig. 5.13b). By the EDS analysis of the compact ag¬ 
glomerate, shown in Fig. 5.13a, it is found that it does not represent 
pure Co particle, but the Co-Ni alloy of almost identical composition 
as the rest of the powder, indicating that the formation of alloy 
agglomerates follows a growth mechanism for Co powder formation. 

Considering all detected types of agglomerates in electrodeposited 
Co-Ni alloy powders of different compositions, one can conclude 
that only one powder (with 78 at.% of Ni) contains very small amount 
of cauliflower-like agglomerates typical for pure Ni powder, but 
slightly different, while the rest of them contain some of the 
agglomerates detected in pure Co powder. The difference between 
the agglomerates detected in pure Co powder and in Co-Ni alloy 
powder (except for the agglomerates obtained from the electrolyte 
with the highest Ni 2+ /Co 2+ ions ratio, Fig. 5.11) is the presence of 
fern-like dendrites on the surface of these agglomerates. Such a 
behavior indicates that for these three alloy compositions the pres¬ 
ence of Ni 2+ and Co 2+ ions promotes dendrite formation on the 
surface of all agglomerates detected in Co-Ni alloy powders. 
Hence, it appears that although some similarities between the type 
of agglomerates detected in pure Co and Co-Ni alloy powders exists, 
it is practically not possible to strictly correlate composition of alloy 
powders with their morphology. 

To explain the difference in the morphology as a function of alloy 
composition (Ni 2+ /Co 2+ ions ratio), one should refer to the polariza¬ 
tion curves presented in Fig. 5.2a. As can be seen in the figure, at the 
applied current density of —0.5 A cm -2 only one alloy, electro- 
deposited at the Ni 2+ /Co 2+ = 1.50, deposits at its diffusion limiting 
current density. The one electrodeposited at the Ni 2+ /Co 2+ = 0.67 
deposits at a slightly lower current density than its diffusion limiting 
current density, while for the alloys electrodeposited at Ni 2+ /Co 2+ 
= 4.00 and 0.25 the applied current density lies in the region of 
mixed control of deposition, being much less than the diffusion limiting 
current density for those electrolyte compositions. Bearing in mind that 
the currents presented in this figure represent only 20% of the total 


272 


V.D. Jovic et al. 


current and that massive hydrogen evolution takes place together with 
the process of alloy electrodeposition, it is quite difficult to find good 
explanation for the phenomena observed. Different theories concerning 
powder formation during metal electrodeposition exist in the literature 
[133] with one of them claiming that powder formation takes place at 
the diffusion limiting current at potentials of hydrogen evolution, which 
is necessary process for powder formation. In the case of Co-Ni alloy 
powder electrodeposition hydrogen evolution commences already at 
the beginning of the electrodeposition process, being catalyzed by the 
electrodeposition. Hence, any comparison between these two processes 
is not realistic, but it is obvious that hydrogen evolution plays an 
important role in the process of powder electrodeposition. 


5.2.5.2 The Morphology of the Co-Ni Alloy Powders 
Electrodeposited from the Chloride Containing 
Supporting Electrolyte 

In Figs. 5.14-5.17 are shown SEMs of Co-Ni alloy powders obtained 
from a solution containing different Ni 2+ /Co 2+ ions ratios. At the 
Ni 2+ /Co 2+ ions ratio of 4.00, Fig. 5.14, two types of agglomerates are 
detected: cauliflower ones (a), varying in size between 60 and 
100 pm, and bigger (varying in size between 200 and 400 pm), 
spongy ones (b), similar to the morphology of pure Ni powder. 
In the case of alloy, these two types of agglomerates are not equally 
distributed, but most of the agglomerates (over 80%) are spongy-like 
agglomerates. 

With increasing the content of Co 2+ ions in the solution, as well 
as in the powder (Ni 2+ /Co 2+ ions ratio of 1.50), very few cauliflower¬ 
like agglomerates can be detected in the powder deposit (Fig. 5.15a), 
being of the size of about 100 pm, while most of them are spongy-like 
ones of a bigger size of about 200 pm (Fig. 5.15b). It is characteristic 
for spongy agglomerates that two types of cavities could be detected 
on all powder agglomerates: narrow (cylindrical) cavities with fern¬ 
like dendrites formed at their bottom (Fig. 5.15c), indicating that 
before agglomerates detached from the electrode surface conditions 
of planar diffusion in the cavity were established causing formation of 
fern-like dendrites and wider, cone-shaped cavities without fern-like 
dendrites on their bottom (Fig. 5.15a, b). It is most likely that the 



Fig. 5.14 Typical agglomerates detected in the powder electrodeposited at the 
Ni 2+ /Co 2+ = 4.00 (Reprinted from [39] with the permission of Elsevier.) 



Fig. 5.15 Typical powder agglomerates detected in the powder electrodeposited 
at the Ni 2+ /Co 2+ = 1.50 (Reprinted from [39] with the permission of Elsevier.) 
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Fig. 5.16 Typical powder agglomerates detected in the powder electrodeposited 
at the Ni 2+ /Co 2+ a= 0.67 (Reprinted from [39] with the permission of Elsevier.) 



Fig. 5.17 Typical powder agglomerates detected in the powder electrodeposited 
at the Ni 2+ /Co 2+ = 0.25 (Reprinted from [39] with the permission of Elsevier.) 


absence of fern-like dendrites at the bottom of cone-shaped cavities is 
the consequence of the fact that because of such a shape, with wide 
opening, no condition for planar diffusion in these cavities was 
established. 

With further decrease of Ni 2+ /Co 2+ ions ratio to 0.67 no 
cauliflower-like agglomerates are detected. All agglomerates are 
spongy-like, again with two types of cavities: narrow (cylindrical) 
ones with fem-like dendrites on their bottom (Fig. 5.16a) and cone- 
shaped ones (Fig. 5.16b) without fern-like dendrites on their bottom. 
The top surface of all agglomerates obtained from these three 
solutions is practically identical, being characterized by cauliflower 
nature, as shown in Fig. 5.14c. 
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At the lowest Ni 2+ /Co 2+ ions ratio of 0.25 the same types of spongy 
agglomerates as ones obtained from the solution containing Ni 2+ /Co 2+ 
ions ratio of 0.67 are obtained, Fig. 5.17a. In this case two types of 
spongy agglomerates, concerning the top surface of the agglomerates, 
are detected: agglomerates with flat noodle-like endings, Fig. 5.14c, 
and agglomerates with the presence of well-defined crystals on the 
cauliflower endings, as shown in Fig. 5.17b. It is most likely that the 
detachment of agglomerates shown in Fig. 5.17b occurred later than 
the detachment of agglomerates shown in Fig. 5.14c, allowing the 
formation of a second layer of their growth to take place. Hence, in 
comparison with pure metal powders, agglomerates of alloy powders 
are characterized by the presence of two types of cavities: cylindrical 
ones with the fern-like dendrites on their bottom, indicating that 
hydrogen bubbles are liberated before the powder agglomerates 
detachment, and cone-shaped ones without fern-like dendrites on 
their bottom (because of the cavity shape planar diffusion cannot be 
established in the cavity), detected at smaller powder agglomerates. 
The appearance of such cavity is most probably due to different 
(higher) rate of hydrogen bubble formation in this solution. Compar¬ 
ing results obtained in chloride containing electrolyte with the results 
obtained in sulfate containing electrolyte, the following remarks 
could be made (1) polarization curves for hydrogen evolution in 
supporting electrolytes are different, with the one recorded in the 
chloride containing supporting electrolyte being characterized with 
higher current densities, indicating faster hydrogen evolution in the 
presence of smaller anions (see Fig. 2.24); (2) correct polarization 
curves for pure metals and alloy powders electrodeposition are also 
characterized with higher current densities, as well as higher current 
efficiencies for powder electrodeposition, indicating faster and easier 
powder formation in chloride containing electrolyte; (3) relatively 
similar morphologies of powder agglomerates are detected in 
both solutions, with the distribution of agglomerates being different 
in all cases. The characteristic feature of powder agglomerates 
obtained from chloride containing electrolytes is the presence of 
cone-shaped cavities. 
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Fig. 5.18 Typical powder particles detected in the powder electrodeposited at 
the Ni 2+ /Co 2+ = 1.00 


5.2.5.3 The Morphology of the Co-Ni Alloy Powders 

Electrodeposited from the Borate-Sulfate Containing 
Supporting Electrolyte [41] 

At the highest Ni 2+ /Co 2+ ions ratio in the solution all powder 
agglomerates possess 2D fern-like shape, varying in the size from 
about 100 pm to about 200 pm, as can be seen in Fig. 5.18. They are 
all practically two dimensional (Fig. 5.18a), although at higher mag¬ 
nification (Fig. 5.18b) it can be seen that a third dimension of their 
growth also exists, but it seems that this is practically a two-dimen¬ 
sional layer-by-layer growth following original dendrite shape. It can 
also be seen that on the main branch of such dendrite small dendritic 
agglomerates, growing in the direction normal to the layer-by-layer 
growth, could be detected, Fig. 5.18b. 

With the decrease of the Ni 2+ /Co 2+ ions ratio in the solution 
(0.50), i.e., the increase of the Co content in the alloy powder, 
among 2D fem-like agglomerates of a smaller size than in a previous 
case (varying in size between 50 and 100 pm—Fig. 5.19a), 
agglomerates of the size of about 100 pm composed of a densely 
packed dendritic agglomerates were detected, as can be seen in 
Fig. 5.19b. It is interesting to note that dendrites covering the surface 
of such agglomerates are not 2D fem-like type. As can be seen in 
Fig. 5.19c, they are branching in four directions, but they are more 
compact and branches are much smaller, as are the dendrites (about 
10 pm long and about 2 pm wide). 
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Fig. 5.19 Typical powder particles and agglomerates detected in the powder 
electrodeposited at the Ni 2+ /Co 2+ = 0.50 

With further decrease of the Ni 2+ /Co 2+ ions ratio in the solution 
(0.33), compact agglomerates, typical for pure Co powder, could be 
clearly detected in the powder deposit, as can be seen in Fig. 5.20a, 
together with the 2D fern-like dendrites. By the EDS analysis of 
compact agglomerates it was confirmed that they do not represent 
pure Co particle, but the Co-Ni alloy, indicating that similar shapes of 
agglomerates characterize pure Co and Co-Ni alloy powder deposit. 
The presence of densely packed 3D dendritic agglomerates can also 
be seen in this powder, as shown in Fig. 5.20b. Again, these dendrites 
are more compact and smaller than those recorded on powder 
agglomerates electrodeposited at the Ni 2+ /Co 2+ ions ratio 0.50. 

It is noteworthy that with the increase of the h.c.p. a-Co (100) 
phase in the powder deposit (Fig. 5.9) and the decrease of the f.c.c. 
/?-Ni (111) phase, the shape of dendrite agglomerates changes from 
typical 2D fern-like dendrites to 3D dendrites. This is in accordance 
with the statement [134] that in the presence of the (111) orientation 
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Fig. 5.20 Typical powder particles and agglomerates detected in the powder 
electrodeposited at the Ni 2+ /Co 2+ = 0.33 


(f.c.c. /?-Ni (111) phase) 2D dendrite growth prevails (the highest 
intensity for f.c.c. /}-Ni (111) phase is detected in sample 1.00, 
Fig. 5.9). Such dendrites are denoted in the literature [134] as 2D 
{100} 60°, with the angle of 60° between the main tree of the dendrite 
and the branches. To explain the influence of other orientations 
(h.c.p. a-Co (100) etc.) on the growth of dendrites in the investigated 
powder and appearance of 3D dendrites in the powder deposit, 
additional experiments and more detailed analysis are needed. 

It should be emphasized here that the morphology of Co-Ni 
powders presented in the paper of El-Halim et al. [35] is completely 
different than the one presented in this chapter. This difference is 
most probably the consequence of the fact that in our work only 
powder agglomerates detached from the electrode surface were 
analyzed by the SEM, while in the paper of El-Halim et al. [35] 
disperse deposit still on the electrode surface was investigated. 


5.3 System Fe-Ni 


Electrodeposition of Fe-Ni powders was performed in ammonium 
chloride-sodium citrate containing electrolyte of the composition 
1 M NH 4 C1 + 0.2 M Na 3 C 6 H 5 07 . Iron(III) and iron(II) chloride and 
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nickel chloride were used as a sources of Fe 3+ or Fe 2+ and Ni 2+ ions. The 
total concentration of cations was kept at 0.1 M. Four different Ni/Fe 
concentration ratios were investigated: Ni/Fe = 9/1; Ni/Fe = 3/1; 
and Ni/Fe = 1/1; Ni/Fe = 1/3. In the case of iron(III) ions pH of the 
solution was adjusted to 4.5, while in the case of iron(II) ions pH of the 
solution was adjusted to 4.0. All solutions were made from analytical 
grade purity chemicals and distilled water by the following procedure: 
Na 3 C 6 H 50 7 was first dissolved and the pH was adjusted to slightly 
higher value than desired by HC1; in the next step metal (Fe(III), or Fe 
(II) or Ni) salts were dissolved; finally, ammonium chloride was added 
and pH adjusted to the exact value. Concerning the stability of 
solutions it is well known that during investigation some Fe(II) 
become oxidized into Fe(III). This should be particularly pronounced 
during the deposition of powders for 1 or 2 h. Taking into account that 
in all cases Fe(II) or Fe(III) made very stable complexes with citrate 
anions, we did not experience problems in the case of polarization 
measurements (polarization curves were practically the same after 3-4 
measurements), but for any case before each experiment fresh solution 
was made and used for investigation as well as for powder 
electrodeposition. 

It should be mentioned here that an attempt was made to deposit 
Fe-Ni powders from the electrolytes of the same composition but of 
low pH 2. The powder agglomerates were successfully produced on 
the cathode, but immediately after detaching from the cathode sur¬ 
face they started dissolving with gas evolution in all investigated 
electrolytes. Only in the case of very short time of electrolysis and 
removal of remained powder (which had not yet been dissolved) 
it was possible to obtain small amount of powder for further analysis. 
That was the reason why all experiments were performed in the 
solutions of pH 4.0 or 4.5, since in this solution powders were stable 
after deposition. 

From all solutions Fe-Ni alloy powders were electrodeposited 
at a constant current density corresponding to the slightly lower value 
0 P d) than the inflection point B [marked with (•)] on the polarization 
curves (see Fig. 5.21). 
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Fig. 5.21 Polarization curves for the electrodeposition of iron (Fe), nickel (Ni), 
and Fe-Ni alloy powders after IR drop correction recorded for different Ni/Fe 
ions ratios 9/1, 3/1, 1/1, and 1/3 (marked in the figure), in the solution of Fe(II) 
and Ni(II) species (Reprinted from [61] with the permission of Elsevier.) 


5.3.1 Polarization Curves for Fe-Ni Alloy Powders 
Electrodeposition from Ammonium 
Chloride-Sodium Citrate Electrolyte 

The polarization curves corrected for IR drop for the processes of Fe, 
Ni, and Fe-Ni alloy powders electrodeposition from ammonium 
chloride-sodium citrate containing supporting electrolyte in the pres¬ 
ence of Fe(II) and Ni(II) species are shown in Fig. 5.21. In the case 
of Fe(II) salts polarization curve for iron electrodeposition (Fe) was 
placed at more positive potentials than that for nickel (Ni) as it is 
expected from the values of their reversible potentials. The polariza¬ 
tion curves for Fe-Ni alloy powders electrodeposition are placed in 
between and all of them were placed at more positive potentials than 
expected from the Ni/Fe ratio, indicating anomalous codeposition. 
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Fig. 5.22 Polarization curve for the Fe-Ni alloy powders electrodeposition (j tot ) 
(open square ), polarization curve for hydrogen evolution (j H ) (open circle ), and 
polarization curve for Fe-Ni powder electrodeposition after subtraction of hydro¬ 
gen evolution current (/Fe-Ni) (open triangle). The values of Ni/Fe ions ratios are 
marked in the figure (Reprinted from [61] with the permission of Elsevier.) 


It was found that for the Fe(III) salts electrolytes the current 
efficiency was very low, 1-2% (the polarization curves for powder 
deposition (y tot ) and for hydrogen evolution (y H ) practically 
overlapped), and it was necessary to deposit powders at least for 2 h 
to obtain the amount of powder that could be used for the morphology 
and composition analysis (SEM, EDS). In the case of Fe(II) salt 
electrolytes, current efficiency at the potentials more negative than 
the second inflection point (• in Fig. 5.21) varied between 8% and 
15% depending on the Ni/Fe ratio, as shown in Fig. 5.22. The average 
values for the diffusion limiting current densities for alloy powder 
electrodeposition were y Fe _ Ni = —0.26 A cm -2 for the ratio 1/3 and 
7Fe-Ni = —0.49 A cm -2 for the ratio 9/1. 

With the increase of iron concentration (as well as with the 
increase of the amount of iron in the powder—decrease of Ni/Fe 
ratio) the current efficiency for powder electrodeposition decreased, 
which is in accordance with the data obtained for compact Fe-Ni 
alloy deposits [135]. 
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Fig. 5.23 The polarization curves for the electrodeposition of Fe powders from 
the electrolyte containing 0.1 M FeCl 3 + 0.2 M Na 3 C 6 H 5 0 7 + 1 M NH 4 C1 (a) and 
0.1 M FeCl 2 + 0.2 M Na 3 C 6 H 5 0 7 + 1 M NH 4 C1 (b) (Reprinted from [61] with the 
permission of Elsevier.) 


The polarization curves were recorded starting from the potential 
of —0.6 V vs. AglAgCl. By comparing the polarization curves for 
Fe powder deposition from Fe(III) (curve a) and Fe(II) (curve b) 
salts in ammonium chloride-sodium citrate electrolyte, shown in 
Fig. 5.23, certain cathodic current density (—2.5 mA cm -2 ) has 
been detected already at the starting potential for curve a (inset 
of Fig. 5.23). This cathodic current density remained constant down 
to the potential of about —1.0 V and it started rising at the same 
potential value at which the current density recorded in the presence 
of Fe(II) salt started to rise. 

A low current efficiency for the Fe-Ni alloy powder deposition 
from the solution containing Fe(III) salt is the consequence of the 
first step in the overall reaction being reduction of Fe(III) species 
into Fe(II) species, which takes place at all potentials more negative 
than -0.2 V. 
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Fig. 5.24 The cyclic voltammograms recorded at the sweep rate of 10 mV s -1 
and RPM = 1,000 onto Au electrode in the electrolytes containing 0.1 M Fe(III) 
(dotted line ) and 0.1 M Fe(II) {solid line ) salts (Reprinted from [61] with the 
permission of Elsevier.) 


5.3.1.1 Cyclic Voltammograms of Fe Electrodeposition 
from Fe(III) and Fe(II) Salts 

To investigate this phenomenon more closely, RDE electrode was 
used. The cyclic voltammograms at the sweep rate of 10 mV s -1 and 
RPM = 1,000 were recorded in both solutions in the potential limit 
from —1.6 to 0.6 V. The results are shown in Fig. 5.24 (from 0.2 to 
0.6 V there was no indication of any reaction). 

In the conditions of convective diffusion the deposition of Fe starts 
at about —1.3 V in both solutions, with the peaks of Fe dissolution 
being placed between —0.8 V and —0.5 V. In the presence of Fe(III) 
salt well-defined cathodic wave, typical for the diffusion controlled 
process, has been detected in the potential range between —0.2 V and 
— 1.2 V. Hence, it is obvious that before the commencement of Fe 
deposition from Fe(III) salt, the reduction of Fe(III) into Fe(II) occurs. 
The reduction process of Fe(III) into Fe(II) has been investigated at 
different rotation rates. As can be seen in Fig. 5.25a, the current 
density plateau for this process increases with increasing rotation 
rate. By plotting the values of the current density plateaus recorded 
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Fig. 5.25 (a) Cathodic cyclic voltammograms for Fe(III) reduction (v = 10 
mV s- 1 ) recorded at different RPM’s: 1—RPM = 1,000; 2—RPM = 2,000; 
3—RPM = 3,000 and 4—RPM = 4,000. (b) j L vs. co 1/2 recorded at the potential 
of —1.0 V. (c) j~ x vs. co“ 1/2 recorded at different potentials (marked in the figure). 
Electrolyte: 0.1 M FeCl 3 + 0.2 M Na 3 C 6 H 5 0 7 + 1 M NH 4 C1 (Reprinted from [61] 
with the permission of Elsevier.) 


at the potential of —1.0 V (y L ) as a function of the co 1/2 , well-defined 
linear relation has been obtained, Levich’s equation [136], as shown 
in Fig. 5.25b. The diffusion coefficient of the species undergoing 
reduction during this process, calculated from the slope of this depen¬ 
dence, amounts to -3.7 x 10 -5 cm 2 s _1 . In comparison with the 
diffusion coefficient for Fe(CN) 6 3_ ions (0.6 x 10 -5 cm 2 s -1 ) [136] 
higher value has been obtained, indicating that this process is not a 
simple diffusion-controlled one electron exchange from Fe(III) to Fe 
(II), since in both cases the reduction of complexes (Fe(CN) 6 3_ and 
FeC 6 H 5 0 7 ) is considered. Taking into account that the concentration 
of reacting Fe(III) species (actually FeC 6 H 5 0 7 complex) is high 
(0.1 M), a mixed activation-diffusion control could be expected. 
Considering plots presented in Fig. 5.25c ( j~ l vs. co~ 1/2 recorded at 
different potentials marked in the figure), it is obvious that the reduc¬ 
tion of Fe(III) species into Fe(II) species is not under pure diffusion 
control. As can be seen the intercept on the j~ l axis exists at potentials 
of —1.0 V, —0.9 V, and —0.8 V, while at more positive potentials this 
dependence deviates from linearity, indicating the presence of activa¬ 
tion-controlled current density [136]. It should be emphasized here 
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Fig. 5.26 (a) The cyclic voltammograms of Fe(III) species reduction and Fe(II) 
species oxidation recorded at different sweep rates (marked in the figure in 
mV s- 1 ) in the stagnant electrolyte (RPM = 0) onto Au electrode in the electro- 
lyte containing 0.1 M FeCl 3 + 0.2 M Na 3 C 6 H 5 0 7 + 1 M NH 4 C1. (b) ; p(ox) vs. v 1/2 
dependence obtained from the anodic current density peaks of oxidation shown in 
(a) (Reprinted from [61] with the permission of Elsevier.) 

that in the case of convection (RPM > 0) no counter peak for the 
oxidation of these species could be detected at potentials more posi¬ 
tive than 0.0 V. In the case of stagnant electrolyte (RPM = 0) the 
reduction and oxidation peaks of these species are clearly seen on the 
cyclic voltammograms, as shown in Fig. 5.26a. 

The presence of two cathodic peaks and one anodic peak confirms 
the statement that this process is not a simple diffusion-controlled 
one electron exchange from Fe(III) to Fe(II), as well as not pure 
diffusion controlled process (activation control is also involved 
[136]). By plotting current density of oxidation peaks 0p(ox>) versus 
v 1/2 , well-defined linear dependence is also obtained (Fig. 5.26b), 
indicating diffusion-controlled oxidation [136], but the value of the 
diffusion coefficient calculated from the slope of this dependence 
(assuming that the concentration of reduced species is 0.1 M) was 
one order of magnitude lower than expected. Hence, it could be 
concluded that Fe(III) species reduce in the potential range between 
—0.2 V and —1.0 V and that under the convective diffusion reduced 
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species were removed from the electrode surface into the bulk of 
solution and could not be oxidized during the reverse sweep. Their 
oxidation is possible only in stagnant electrolyte, where they remain 
in the vicinity of the electrode surface (Fig. 5.26a). 

Considering the stability (formation) constants for all complexes 
that could be formed in the investigated solutions, following data 
have been obtained: [124] 

Fe 3+ + HC 6 H 5 0 7 2 - -> [FeHC 6 H 5 0 7 ] + K\ = 3.17 x 10 12 (5.1) 


Fe 3+ + C 6 H 5 0 7 3 “ -> [FeC 6 H 5 0 7 ] K t = 1.0 / 10 25 (5.2) 


Fe 3+ + OH“ -► [FeOH] 2+ 

K\ = 1A x 10 11 

(5.3) 

Fe 3+ + 20H“ ->■ [Fe(OH) 2 ] 4 

K 2 = 1.5 x 10 21 

(5.4) 

Fe 3+ + 30H“ — [Fe(OH) 3 ] 

K 3 = 4.7 x 10 29 

(5.5) 

: 2+ + HC 6 H 5 0 7 2 - ->■ [FeHC 6 H 5 0 7 ] K x = 1.2 x 10 3 

(5.6) 

; 2+ +C 6 H 5 0 7 3 - -r [FeC 6 H 5 0 7 ]- 

Ki = 3.16 x 10 15 

(5.7) 

Fe 2+ + OH" -► [FeOH]+ 

Kx = 3.6 x 10 5 

(5.8) 

Fe 2+ + 20H“ — [Fe(OH) 2 ] 

Ki = 5.9 x 10 9 

(5.9) 

Fe 2+ + 30H" -> [Fe(OH) 3 ] - 

K 3 = 4.7 x 10 9 

(5.10) 

Fe 2+ + 40H“ [Fe(OH) 4 ] 2 " 

K 4 = 3.8 x 10 8 

(5.11) 


As can be seen, 11 different species could be formed, five with Fe 3+ 
ions and six with Fe 2+ ions. Taking into account their stability 
constants and concentration of complexing agents, it appears that for 
Fe(III) salt the most stable ones are [FeC 6 H 5 0 7 ] and [Fe(OH) 3 ], while 
for Fe(II) salt the most stable ones are [FeC 6 H 5 0 7 ] _ and [Fe(OH) 2 ]. 
The possibility of Fe(OH) 3 formation could be excluded since at 
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pH 4.5 concentration of OH - ions is 3.16 x 10 -10 M and the domi¬ 
nant species in the Fe(III) salt electrolyte is complex [FeC 6 H 5 0 7 ]. 

Let us reconsider the process of Fe powder deposition from the 
electrolyte containing Fe(III) salt. The reduction of [FeC 6 H 5 0 7 ] 
starts at about —0.2 V producing Fe(II) species. Taking into account 
the presence of two cathodic peaks during this reduction process, it 
could not be specified which species were formed, pure Fe 2+ ions or 
complex [FeC 6 H 5 0 7 ] - (the most stable complex with the Fe 2+ ions), 
or both. It is most likely that both species were formed and that Fe 
deposition occurs by further reduction of these species with simulta¬ 
neous hydrogen evolution which should be pronounced at potentials 
more negative than —1.3 V. Since during the Fe deposition pH in the 
vicinity of the electrode surface is much higher due to massive 
hydrogen evolution, it is possible that Fe 2+ ions react with OH - 
ions forming [Fe(OH) 2 ] which precipitates and prevents deposition 
of pure Fe powder. On the other side, in the solution containing Fe(II) 
salt the possibility of [Fe(OH) 2 ] formation could also be excluded 
since at pH 4.0 concentration of OH - ions is 1.0 x 10 -10 M and the 
dominant species is complex [FeC 6 H 5 0 7 ] - . Accordingly, the reduc¬ 
tion of this complex starts at about —1.3 V producing Fe deposit 
directly, without the possibility of eventual [Fe(OH) 2 ] formation, and 
in this solution Fe powder has been successfully deposited. 

In the case of the solutions for Fe-Ni alloy powder electrode¬ 
position, among the species presented above for Fe, the following 
species could be formed with Ni in the investigated solutions: [124] 

Ni 2+ + HC 6 H 5 0 7 2 “ -> [NiHC 6 H 5 0 7 ] K x = 1.3 x 10 5 (5.12) 

Ni 2+ + C 6 H 5 0 7 3 “ -> [NiC 6 H 5 0 7 ]“ K\ = 2.0 x 10 14 (5.13) 

Ni 2+ + OH“ [NiOH]+ K\ = 9.3 x 10 14 (5.14) 

Ni 2+ + 20H" -► [Ni(OH) 2 ] K 2 = 3.5 x 10 8 (5.15) 

Ni 2+ + 30H“ -> [Ni(OH) 3 ]“ K 3 = 2.0 x 10 11 (5.16) 
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As can be seen, again the most stable one is [NiC 6 H 5 0 7 ] _ and the 
same conclusion concerning the formation of Ni-hydroxide species in 
the investigated solutions as the one given above for Fe could be 
applied. Hence, Ni electrodeposition occurs by the reduction of citrate 
complex [NiC 6 H 5 0 7 ] _ without the possibility for Ni-hydroxide 
species formation. 

Among the above-mentioned complexes of Fe and Ni, ammonium 
complexes could be formed with Fe(II) and Ni ions in ammo¬ 
nium chloride solution, chloride complex could be formed with 
Fe(II) and Fe(III) and sulfate complexes could be formed with Fe(III) 
and Ni, but they all have several orders lower stability constants in 
comparison with citrates and cannot influence the reaction mechanism. 


5.3.2 Chemical Compositions of the Fe-Ni 
Alloy Powders 


All powder samples for chemical analysis, phase composition analysis, 
and morphology investigations were electrodeposited under the 
same conditions as for Co-Ni alloy powders, except that the current 
density for powder electrodeposition was the value presented in 
Fig. 5.21 withy pd . 

Chemical composition of all electrodeposited Fe-Ni alloy powders 
was determined by the AAS technique after dissolving certain amount 
of powders in HC1. Also, chemical composition of these alloy 
powders was determined from the average values of EDS analysis. 
All powder samples were analyzed by EDS in such a way that at least 
8 powder agglomerates (maximum number 20) on the SEM 
micrographs were chosen and EDS analysis was performed at 3-10 
different positions on each particle. In some cases the analysis was 
performed at a point of 1 pm 2 , while in some cases rectangle surface 
from 120 pm 2 (10 x 12 pm) to 9,600 pm 2 (80 x 120 pm) has been 
analyzed. In some cases the composition of the powder agglomerates 
was uniform all over the agglomerates surface, while in some cases at. 
% of oxygen was found to vary significantly on the surface of one 
particle, or on specific part of the analyzed particle. This behavior was 
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Table 5.2 The average composition of the Fe-Ni powders electrodeposited from 
Fe(III) and Fe(II) salts containing electrolytes, obtained by the EDS analysis (in 
at.%) 



Fe(III) solution 


Fe(II) solution 


Ni solution 

Ni/Fe 

O 

Fe 

Ni 

O 

Fe 

Ni 

O Ni 

Ni 

9/1 

22 

34 

44 

5 

21 

74 

20 80 

3/1 

34 

41 

25 

8 

35 

57 


1/1 

33 

55 

12 

12 

58 

30 


1/3 

12 

83 

5 

30 

62 

8 


Fe 




20 

80 




Reprinted from [61] with the permission of Elsevier 


independent of the shape of the investigated particle (flat surface, 
cone-shaped cavities, different crystals on the particle surface), as 
well as of the composition of the powders. Taking into account that 
the EDS analysis strongly depends on the position and angle of the 
beam, for powder agglomerates like these presented in this work the 
EDS analysis results should not be considered as quantitative ones. 
Hence, in Table 5.2 are presented average values (obtained by the 
analysis of significant number of agglomerates for each powder) for 
the EDS analysis of all powder samples. From the presented results it 
is most likely that the presence of oxygen could be the consequence of 
washing and drying procedure. It could also be possible that the 
oxygen is a result of eventual [Fe(OH) 2 ] formation during the powder 
deposition, as explained in Sect. 5.3.1.1 for pure Fe powder deposi¬ 
tion. In such a case it would be reasonable to expect higher percentage 
of oxygen in the powders containing higher amount of Fe for Fe-Ni 
alloy powders deposited from the electrolyte containing Fe(III) salt, 
while for powders deposited from the electrolyte containing Fe(II) 
salt percentage of oxygen should be relatively constant for all 
investigated compositions. 

As can be seen in Table 5.2, this was not the case. Hence, it 
appeared that during the deposition of Fe-Ni alloy powders the 
behavior of pure metals cannot be considered as relevant for the 
properties of alloy powders, since they form solid solution-type 
alloys which behave in a different way than pure metals. It should 
be stated that the results of the chemical and EDS analysis (after 
subtraction of oxygen percentages) were in good agreement. 








a 


100 




Fig. 5.27 (a) Dependences of at.% of Fe ( filled circle and square) and Ni {open 
circle and square ) in the powders as a function of the Ni/Fe ratio: electrolyte 
containing Fe(III) {filled and open circle ) and Fe(II) {filled and open square) 
salts, (b) Typical Brenner’s presentation of anomalous codeposition for the 
powders electrodeposited from the electrolytes containing Fe(III) {open circle) 
and Fe(II) {open square) salts [116] (Reprinted from [61] with the permission of 
Elsevier.) 


The composition analysis was performed for powders electro- 
deposited from the solutions containing Fe(III) and Fe(II) salts. 

The dependence of at. % of both metals as a function of the log 
(Ni/Fe) ratio is presented in Fig. 5.27a. As it could be expected the 
content of Ni increases, while the content of Fe decreases with the 
increase of the Ni/Fe ratio. According to Fig. 5.27a almost linear 
dependence of the percentage of both metals in the powder as a 
function of the logarithm of their concentration ratios indicates that 
their content in the powder depends exponentially on the Ni/Fe ratio. 
Considering Fig. 5.27b it could be concluded that the anomalous 
character is more pronounced in the electrolytes containing Fe(III) 
salt. This is in accordance with the statement that the formation 
of some amount of [Fe(OH) 2 ] is possible in this electrolyte and 
assuming “hydroxide suppression” mechanism [125, 126] the anom¬ 
alous character of Fe and Ni deposition should be more pronounced 
in this electrolyte. 
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Fig. 5.28 Diffractograms of Fe-Ni alloy powders electrodeposited at different 
Ni/Fe ions ratios (marked in the figure) (Reprinted from [62] with the permission 
of Springer-Verlag.) 


5.3.3 Phase Compositions of the Fe-Ni 
Alloy Powders 

The diffractograms of Fe-Ni alloy powders electrodeposited at 
different Ni/Fe ions ratios from the solution of Fe(II) species are 
presented in Fig. 5.28. It should be stated that the dimensions of 
crystallites were 7 nm for the Ni/Fe ratio 9/1 and that they increased 
with the increase of iron content in the powder to 20 nm (for Ni/Fe = 
1/3). Because of very small dimensions of crystallites, only phases 
with the highest intensity were determined with high certainty and 
these were peaks of the a-Fe phase (A). Taking into account that the 
peaks of FeNi (37-0474), a-Fe (06-0696), and Ni (45-1027) practi¬ 
cally overlap, a wide peak at about 44.5° for Ni/Fe = 9/1, 3/1, and 
1/1 could be ascribed to any of these phases. The appearance of a 
small peak at about 44.3° for Ni/Fe = 9/1 and 3/1 indicates 
the presence of FeNi 3 {111} (38-0419), since pagoda-like crystals, 
typical for this phase, have been detected on the surface of powder 
agglomerates obtained from these solutions (see Sect. 5.3.4). 




292 


V.D. Jovic et al. 



hw raw oil (nmm m um vn0*of«ufl vu jd4kv oil avi<uw tw vi0*ei««* 

M*CtmV 4( 0WM«-*«taTSSi3!HiHl Htniropylrnap-g Wf«* C*«c T9 Si 3C*H £*!»•» atmiirnw Imap? 



Fig. 5.29 Morphology of the Fe-Ni alloy powder electrodeposited at the Ni/Fe 
= 9/1 

5.3.4 Morphology of Electrodeposited 
Fe-Ni Powders 

5.3.4.1 The Fe-Ni Alloy Powders Obtained 

from the Solutions Containing Fe(II) Species 

The morphology of the Fe-Ni alloy powders electrodeposited at 
different Ni/Fe ratios are presented in Figs. 5.29-5.32. A common 
characteristic of all investigated Fe-Ni powders is the formation of 
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Fig. 5.30 Morphology of the Fe-Ni alloy powder electrodeposited at the Ni/Fe 
= 3/1 

big agglomerates (up to 500 pm). Their surfaces are covered with 
large cone-shaped cavities, as well as with much smaller cylindrical 
cavities. 

In Fig. 5.29 are presented typical agglomerates for Fe-Ni alloy 
powders electrodeposited at the Ni/Fe ratio 9/1. Large cone-shaped 
cavities and much smaller cylindrical cavities, corresponding to the 
places were hydrogen bubbles were formed, are clearly seen in 
Fig. 5.29a. Nodular surfaces are covered with two types of crystals: 
pagoda-like crystals (Fig. 5.29b) and crystals of the shape of 
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Fig. 5.31 Morphology of the Fe-Ni alloy powder electrodeposited at the Ni/Fe 
= 1/1 (Reprinted from [62] with the permission of Springer-Verlag.) 



Fig. 5.32 Morphology of the Fe-Ni alloy powder electrodeposited at the 
Ni/Fe = 1/3 (Reprinted from [62] with the permission of Springer-Verlag.) 


elongated prism (Fig. 5.29c, d), indicating possible presence of 
different phases. 

Large cone-shaped cavities and much smaller cylindrical cavities 
are also present in the powder electrodeposited at Ni/Fe = 3/1 
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(Fig. 5.30a). Nodular surfaces (Fig. 5.30d) as well as the inside surface 
of cone-shaped cavities (Fig. 5.30c) are covered with spherical 
crystals (Fig. 5.30b). 

Much smoother surface of both types of cavities and the nodular 
endings were obtained from the solution with Ni/Fe =1/1 
(Fig. 5.31). 

In the case of the highest content of iron in the powder (Ni/ 
Fe = 1/3) similar shape of cavities (Fig. 5.32a) was obtained as in 
Fig. 5.31a, while the surface of nodular endings was not smooth. 
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Fig. 5.33 Typical phases of the Fe-Ni powder growth 
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On some parts of the agglomerates surface new crystals were 
separated with the cracks, as shown in Fig. 5.32b. 

Considering Figs. 5.29-5.32 it could be seen that on the compact 
surface of all agglomerates smaller spherical (rounded) grains were 
formed (Figs. 5.30b-d and 5.31b). The formation of such spherical 
grains is typical for the electrodeposition of copper from acidic 
sulfate electrolytes under the conditions of activation-diffusion 
controlled process [137]. Such mechanism has been explained for 
the electrodeposition of pure cobalt. The development of spherical 
grains in the case of Fe-Ni electrodeposition is presented in Fig. 5.33. 
As can be seen in Fig. 5.33a, the second generation of spherical 
grains grow in all directions. On the compact surface spherical grains 
are well defined (Fig. 5.33b) and since they are close to each other 
they start to overlap. During the further growth the overlapping of 
the diffusion zones formed over each spherical grain becomes more 
pronounced producing practically flat surface of the agglomerates 
(Fig. 5.33c). It is interesting to note that the growth of compact 
agglomerates of spherical grains occurs through the formation of 
layer-by-layer stick-like densely packed crystals of submicron 
dimensions, as shown in Fig. 5.33d. Presented figures are in excellent 
agreement with already given explanation for the electrodeposition 
of powders. 


5.3.4.2 The Fe-Ni Alloy Powders Obtained 

from the Solutions Containing Fe(III) Species 

The main characteristic of these powders is the presence of high 
number of both types of cavities on the surfaces of big agglomerates 
(up to 500 pm), as shown in Fig. 5.34. Taking into account that the 
current efficiency for the electrodeposition of these powders is only 
1-2%, massive hydrogen evolution must produce larger number of 
cavities than in previous cases. Also, one of the characteristics of 
these powders is the presence of several different types of crystals on 
the surface of agglomerates around the cavities, which are presented 
in Figs. 5.35-5.38. On the agglomerates surfaces electrodeposited 
from the solutions with Ni/Fe = 9/1 and 3/1 mostly spherical 
agglomerates could be detected, as shown in Fig. 5.35a. At the 
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Fig. 5.34 Typical distribution of cavities on the surface of the Fe-Ni alloy powder 
agglomerates electrodeposited from the solution containing Fe(III) species 
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Fig. 5.35 Crystals formed on the surface of the Fe-Ni alloy powder 
agglomerates electrodeposited from the solution with Ni/Fe = 9/1 (Reprinted 
from [61] with the permission of Elsevier.) 
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Fig. 5.36 Crystals formed on the surface of the Fe-Ni alloy powder 
agglomerates electrodeposited from the solution with Ni/Fe < 1 
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Fig. 5.37 Typical surface morphologies for all electrodeposited Fe-Ni alloy 
powders after annealing in air at 400°C for 3 h: (a) Ni/Fe = 9/1; (b) Ni/Fe = 
3/1; (c) Ni/Fe = 1/1; and (d) Ni/Fe = 1/3 (Reprinted from [62] with the permis¬ 
sion of Springer-Verlag.) 


same time, pagoda-like crystals (b) have been detected on a certain, 
not negligible, number of agglomerates. Particularly interesting are 
crystals of the shape of pagoda. Such crystals were detected in the 
Fe-Ni powder synthesized in high yield by a simple and facile 
hydrothermal method without the presence of surfactants [137]. 
According to this investigation [137], FeNi 3 {111} single crystals 
were formed during the described procedure. The products obtained 
at 120°C were a mixture of FeNi 3 and Fe-Ni hydroxides composed of 
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Fig. 5.38 (a) Typical surface morphologies for the Fe-Ni alloy powders 
electrodeposited at Ni/Fe ratios 9/1 and 3/1 after annealing in air at 600°C for 
3 h. (b) Typical surface morphologies for the Fe-Ni alloy powders electro- 
deposited at Ni/Fe ratios 1/1 and 1/3 after annealing in air at 600°C for 3 h 
(Reprinted from [62] with the permission of Springer-Verlag.) 


monodispersed micro spheres (probably spheres presented in 
Fig. 5.35a). With the increase of temperature to 140°C these 
microspheres became micropagodas very similar to those shown in 
Fig. 5.35b. At higher temperatures (180°C) these agglomerates trans¬ 
form into perfect 3D FeNi 3 dendritic superstructures in certain 
directions [137]. Hence, comparing the crystals presented in 
Fig. 5.35b with those obtained by hydrothermal method [137] it 
seems reasonable to ascribe them to the FeNi 3 {111} single crystals 
(there is also an indication for the existence of FeNi 3 phase in 
electrodeposited powder—see XRD analysis presented in Fig. 5.28). 

As the amount of iron increases in the powders (above 50 at.%), the 
number of different crystals detected on the agglomerates surfaces also 
increases. In the powders electrodeposited from the solutions with Ni/ 
Fe = 1/3 very small amount of agglomerates is covered with spherical 
agglomerates, while most of them are characterized with the presence 
of several different shapes of crystals. These crystals are presented in 
Fig. 5.36a-f. It is quite difficult to explain the reasons for their appear¬ 
ance, since so many different phases do not exist in the Fe-Ni system 
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and the only reasonable explanations could be that these crystals 
represent some superstructures formed under massive hydrogen evolu¬ 
tion. Their shapes could be defined as follows: (a) Christmas tree-like 
crystals; (b) triangle-like crystals growing layer by layer; (c) propeller¬ 
like crystals; (d) plate-like crystals; (e) tetrahedral crystals, and (f) 
traversed polyhedron. 


5.3.5 Formation of NiFe 2 0 4 by the Oxidation 
of Fe-Ni Alloy Powders 


To produce NiFe 2 0 4 , all electrodeposited powders were annealed in 
air, at first at the temperature of 400°C for 3 h. After SEM, EDS, and 
XRD analysis, powders were additionally annealed at 600°C for 3 h 
and analyzed by SEM, EDS, and XRD. Finally, since it was found 
that big agglomerates had not been completely oxidized during 
annealing at 600°C, powders were ground in mortar, annealed at 
700°C for 3 h, and analyzed by XRD. 

Typical morphologies of the surface of annealed (recrystallized) 
powders agglomerates (EDS) for all investigated electrolyte compositions 
after the first annealing procedure are shown in Fig. 5.37. The appearance 
of different types of crystals on powder agglomerates surface for 
different Ni/Fe ions ratios is characteristic for these powders. To find 
out what is the composition of the obtained crystals, the EDS analysis 
of all samples was performed and the results at different spectrum 
positions are given in Table 5.3. A common characteristic of the EDS 
analysis is the decrease of Ni content on the surface of analyzed 
samples with the decrease of Ni/Fe ratio (42 at.% Ni for the 9/1 
ratio, Fig. 5.37a, and 27 at.% Ni for the 3/1 ratio, Fig. 5.37b), i.e., the 
decrease of Ni content in the alloy powders, while for the Ni/Fe ratios 
1/1 and 1/3 the content of Ni on the powder agglomerates surfaces is 
practically zero. It is interesting to note that on the surface of samples 
with the Ni/Fe ratios 1/1 and 1/3 some parts of the agglomerates 
surfaces have been peeled off (Fig. 5.37c, d) and that the composition 
of the surface layer is completely different than that of the bulk of 
particle (Table 5.3). 
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Table 5.3 Results of the EDS analysis of powder samples electrodeposited from 
different electrolytes, obtained at different positions (spectra) at powder 
agglomerates presented in Fig. 5.37 


Ni/Fe 

Spectrum 

number 

at.% O 

at.% Fe 

at.% Ni 

9/1 

1 

39 

25 

36 


2 

24 

23 

53 


3 

31 

19 

50 


4 

41 

29 

30 

3/1 

1 

57 

19 

24 

1/1 

1 

48 

52 

0 


2 

42 

35 

23 

1/3 

1 

29 

67 

4 


2 

51 

43 

6 


3 

58 

42 

0 


4 

51 

49 

0 


Reprinted from [62] with the permission of Springer-Verlag 


According to the EDS analysis of these two samples, it appears 
that the surface layer is composed of iron oxide (most likely Fe 2 0 3 ), 
since the content of Ni is zero. For powder samples with lower 
content of Fe (Ni/Fe = 9/1 and 3/1, Fig. 5.37a, b) layered structure 
was observed (no peeling off of the surface layer was detected) and, 
accordingly, only the composition of the surface was analyzed. 
Taking into account that for such surfaces EDS results cannot be 
considered as quantitative, a convincing conclusion about the proper¬ 
ties of these powder agglomerates surfaces could not be made. 
Hence, it appears from the EDS analysis of the powder agglomerates 
surfaces that for samples with higher content of Fe (Ni/Fe =1/1 and 
1/3, Fig. 5.37c, d) the oxidation of all powders agglomerates was not 
complete and that only surfaces were completely oxidized due to iron 
oxide diffusion to the surface of the agglomerates during the oxida¬ 
tion process. Taking into account the dimensions of the powder 
agglomerates (agglomerates up to about 400 pm), it is quite possible 
that the oxidation process took place mostly on the agglomerates 
surface. It is possible that the same conclusion could be valid for 
samples rich in Ni, but on the SEM micrographs peeling off of the 
surface layer was not detected. 
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Fig. 5.39 Diffractograms for the Fe-Ni alloy powders electrodeposited at Ni/Fe 
= 9/1 after annealing in air at 400°C, 600°C, and 700°C for 3 h (Reprinted from 
[62] with the permission of Springer-Verlag.) 

During the second annealing procedure (additional annealing at 
600° C for 3 h in air) all powder samples were characterized with the 
presence of needle-like crystals on the surface of agglomerates (most 
likely corresponding to the Fe 2 0 3 phase), with their dimensions 
being bigger for samples with higher content of Fe. This is shown 
in Fig. 5.38a for Ni/Fe ratios 9/1 and 3/1 and in Fig. 5.38b for Ni/Fe 
ratios 1/1 and 1/3. In comparison with the samples annealed at 400°C 
the EDS analysis showed higher content of Fe and O for samples 
obtained at Ni/Fe ratios 9/1 and 3/1, while for samples obtained at 
Ni/Fe ratios 1/1 and 1/3 identical results were obtained as those for 
the annealing at 400°C (see Table 5.3). 

XRD results recorded after annealing at 400°C, 600°C, and 700°C 
are shown in Figs. 5.39-5.42. These results are in good agreement 
with the EDS analysis, showing that all powder agglomerates were 
oxidized during annealing, forming NiO, Fe 2 0 3 , and NiFe 2 0 4 
phases. As can be seen, the intensity of some peaks increases, while 
the intensity of some peaks decreases with increasing annealing 
temperature. 

The intensity of Ni peaks (■) was found to decrease with increa¬ 
sing annealing temperature for Ni/Fe ratios 9/1, 3/1, and 1/1, with 















304 


V.D. Jovic et al. 



Fig. 5.40 Diffractograms for the Fe-Ni alloy powders electrodeposited at 
Ni/Fe = 3/1 after annealing in air at 400°C, 600°C, and 700°C for 3 h (Reprinted 
from [62] with the permission of Springer-Verlag.) 



Fig. 5.41 Diffractograms for the Fe-Ni alloy powders electrodeposited at 
Ni/Fe = 1/1 after annealing in air at 400°C, 600°C, and 700°C for 3 h (Reprinted 
from [62] with the permission of Springer-Verlag.) 
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Fig. 5.42 Diffractograms for the Fe-Ni alloy powders electrodeposited at Ni/Fe = 
1/3 after annealing in air at 400°C, 600°C, and 700°C for 3 h (Reprinted from [62] 
with the permission of Springer-Verlag.) 

Ni being most likely oxidized into NiO and/or NiFe 2 0 4 phases. 
The Ni phase practically disappeared in powders electrodeposited 
at the Ni/Fe ratio 1/3 annealed at all temperatures. Its presence on 
the diffractograms recorded for the annealing temperatures 400°C 
and 600°C in powders electrodeposited at the Ni/Fe ratios 9/1, 3/1, 
and 1/1 indicates that in these powders Ni cannot be completely 
oxidized at given annealing temperatures. The disappearance of the 
Ni phase in powder electrodeposited at Ni/Fe =1/1 after annealing 
at 700° C confirms that during additional oxidation whole amount of 
Ni has been oxidized. 

The intensity of the peak for NiO phase (j) increased with increas¬ 
ing annealing temperature for samples rich in Ni (Ni/Fe = 9/1 
and 3/1), while for other two samples NiO peaks (j) of small 
intensities were detected. As can be seen in Fig. 5.42, this phase 
practically disappeared in the powder electrodeposited at Ni/Fe ratio 
1/3 after annealing at 700°C. 

The intensity of the peaks for Fe 2 0 3 phase (T) also increased with 
increasing annealing temperature in all samples. In samples with high 
content of Ni this phase has not been detected on the diffractograms 
recorded after annealing at 400°C only. After annealing at 700°C this 
phase became dominant in Fe-rich samples (Ni/Fe = 1/1 and 1/3). 
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Similar conclusion could be made for the NiFe 2 0 4 phase (V). 
In all samples peaks of this phase could be detected on the 
diffractograms recorded after annealing at 600° C and 700° C. It is 
interesting to note that the peaks of NiFe 2 0 4 phase (V) possess the 
highest intensity in the powder electrodeposited at Ni/Fe ratio 1/3 
after annealing at 600° C, indicating that these are the best conditions 
for its formation. Such behavior is in accordance with the findings of 
Ceylan et al. [89] that well-defined NiFe 2 0 4 nanoparticles crystallize 
at 550°C after solid state reaction in Fe 67 Ni 33 nanopowder. Hence, 
it appears that for a powder composition 89 at.% Fe—11 at.% Ni 
(powder obtained for Ni/Fe ratio 1/3), which is different than that 
for Fe 67 Ni 33 , dominant phase is NiFe 2 0 4 after annealing of electro- 
deposited powder at 600° C. 


5.4 System Mo-Ni-O 

The Mo-Ni-0 powders were electrodeposited from two supporting 
electrolytes, as in the case of Co-Ni system: 1 M NH 4 C1 + 0.7 M 
NH 4 OH and 1 M (NH 4 ) 2 S0 4 + 0.7 M NH 4 OH, with the pH of the 
solutions being 9.0. 


5.4.1 Polarization Curves 

5.4.1.1 Polarization Curves in Chloride 
Containing Electrolytes 

Three different electrolytes were used for the investigations: 0.1 M 
NiCl 2 + 1 M NH 4 C1 + 0.7 M NH 4 OH + x M Na 2 Mo0 4 , with x 
being 0.05 M, 0.1 M, and 0.3 M, respectively. In such a way the 
Ni/Mo ions concentration ratio was 1/0.5, 1/1, and 1/3. All powders 
for microstructure, composition, and phase composition analysis 
were electrodeposited at the limiting current density (position of 
the inflection point B on the polarization curves, see Fig. 5.43). In 
all cases small amount of the rough compact deposit (necessary for 
powder formation) remained on the glassy carbon surface and only 
agglomerates detached from the cathode surface were analyzed. 
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Fig. 5.43 (a) Polarization curves in chloride containing electrolytes for different 
Ni/Mo ratios (marked in the figure), (b) Polarization curve for powder electrode¬ 
position and hydrogen evolution (j tot ), polarization curve for hydrogen evolution 
(/h), and polarization curve for powder electrodeposition after subtraction of the 
current density for hydrogen evolution (/ Mo _ Ni _o). Inset : current efficiency for 
Mo-Ni-O powder electrodeposition (rjj) as a function of potential (Reprinted 
from [121] with the permission of Elsevier.) 

The polarization curves are presented in Fig. 5.43. As can be seen, 
the polarization curves characterized by two inflection points 
(Fig. 5.43a), as in all previous cases, were obtained. It is important 
to note that the potential of the beginning of alloy deposition 
(A) becomes more negative with the increase of molybdate ions 
concentration (with the decrease of Ni/Mo ratio), as it could be 
expected, since the potential of the Mo deposition is much more 
negative than that of Ni [116]. At the same time, a deposition of 
Mo can only take place in the presence of Ni (induced codeposition 
[116]). Taking into account that the concentration of Ni 2+ ions was 
constant, it is quite reasonable that the value of current density of the 
inflection point B does not change with changing Ni/Mo ions 
concentration ratio (being about —1.2 A cm -2 ). 

It should also be mentioned that the current efficiency for alloy 
deposition in all cases was very low, about 5%. This could be seen in 
the inset of Fig. 5.43b for the Ni/Mo ratio 1/3, where the rj j vs. E 
changes from 17% to 5% in the region of sharp increase of current 
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density, while at the potentials more negative than the second 
inflection point (B) the value of rj j is constant, being about 5%. 

5.4.1.2 Polarization Curves in Sulfate Containing Electrolytes 

Three different electrolytes were used for the investigations: 0.1 M 
NiS0 4 + 1 M (NH 4 ) 2 S0 4 + 0.7 M NH 4 OH + x M Na 2 Mo0 4 , with jc 
being 0.03 M, 0.1 M, and 0.3 M, respectively. In such a way the 
Ni/Mo ions concentration ratio was 1/0.3, 1/1, and 1/3. The polari¬ 
zation curves recorded in the solution containing sulfate ions are 
presented in Fig. 5.44. In this case all polarization curves are 
moved to slightly more cathodic potentials, indicating higher over¬ 
voltage for the process of Mo-Ni-0 alloy electrodeposition in the 
presence of sulfate ions (Fig. 5.44a). At the same time, the total 
current densities in the range of potentials more negative than 
the inflection point (B) are smaller and the slopes of their changes 
are smaller in comparison with those recorded for chloride electro¬ 
lyte (Fig. 5.43a). As in the case of chloride electrolyte, the potential 
of the beginning of alloy deposition (A) becomes more negative with 
the increase of molybdate ions concentration (with the decrease of 
Ni/Mo ratio). As shown in Fig. 5.44b, the current efficiency for alloy 
deposition is sensitive to the Ni/Mo ions ratio: for Ni/Mo = 1/0.3, 
rjj = 10%, for Ni/Mo= 1/1, rjj = 7%, and for Ni/Mo = 1/3, 
? 7 j = 5% [all r ]j values correspond to the potentials more negative 
than the second inflection point (B)]. 


5.4.2 Morphology of As-Deposited 
Mo-Ni-O Powders 

5.4.2.1 Morphology of Powders Electrodeposited 
from Chloride Containing Electrolytes 

The morphologies of powder agglomerates electrodeposited onto 
glassy carbon electrode from electrolytes with different Ni/Mo ions 
concentration ratios (1/0.5, 1/1, and 1/3, samples 1, 2, and 3, respec¬ 
tively) are shown in Figs. 5.45 and 5.46, respectively. For the highest 
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Fig. 5.44 (a) Polarization curves in sulfate containing electrolytes for different 
Ni/Mo ratios (marked in the figure), (b) Polarization curves for powder electro¬ 
deposition and hydrogen evolution (j tot ), polarization curves for hydrogen evolu¬ 
tion (y H ), and polarization curves for powder electrodeposition after subtraction 
of the current density for hydrogen evolution ( / Mo -Ni-o) (Reprinted from [122] 
with the permission of Elsevier.) 


Ni/Mo ratio of 1/0.5 (Fig. 5.46) the size of the agglomerates varies in 
the range of about 2-50 pm. At the same time, sharp edges could be 
detected on top of the surfaces of all agglomerates, indicating crys¬ 
tallinity of electrodeposited powder (Fig. 5.45b). 

With the decrease of the Ni/Mo ratio (1/1), a cauliflower-type 
agglomerate, Fig. 5.46a, b, characterized with spherical edges (c) and 
the presence of cracks, was obtained. Its size is much higher than that 
of the powder particles electrodeposited at the 1/0.5 ratio, varying in 










Fig. 5.45 Typical agglomerates for the Mo-Ni-O powders electrodeposited at 
the Ni/Mo = 1/0.5 (Reprinted from [121] with the permission of Elsevier.) 
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Fig. 5.46 (a, b, c) Typical particles for the Mo-Ni-O powders electrodeposited 
at the Ni/Mo = 1/1. (d) Typical particles for the Mo-Ni-O powders electro¬ 
deposited at the Ni/Mo = 1/3 (Reprinted from [121] with the permission of 
Elsevier.) 
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the range of about 50-500 pm. In the case of Ni/Mo ratio of 1/3, 
Fig. 5.46d, flat and thin parts of the powder, corresponding most 
likely to the compact deposit, were covered with spherical 
agglomerates, while the cracks are more pronounced. The appear¬ 
ance of a large number of cracks is the result of high tensile stresses 
present in the powder and the hydrogen evolution [138]. According 
to the presented results, it is obvious that the crystallinity of the 
particles becomes less pronounced with the increase of molybdate 
ions in the electrolyte, influencing at the same time the morphology 
of as-deposited powder particles. 


5.4.2.2 The EDS Analysis of the As-Deposited Powders 

All powder samples were analyzed by EDS in such a way that one 
powder particle on the SEM micrograph is chosen and EDS analysis 
was performed at two (or sometimes three) different positions on this 
particle, as shown in Fig. 5.46c. The approximate compositions of all 
alloy powders, evaluated by the EDS microanalysis, revealed that the 
composition depends not only on the Ni/Mo concentration ratio but 
also on the position at which the EDS analysis was performed. 
The results of the EDS analysis indicate the presence of significant 
amount of oxygen in the powders (up to about 70 at.%), as well as the 
nonhomogeneous composition of the as-deposited powders. At the 
same time the composition does not follow the Ni/Mo ions concen¬ 
tration ratio, although the theory of induced codeposition [116-120] 
predicts the increase of Mo amount in the deposit with increasing 
concentration of molybdate ions in the electrolyte. Such a behavior 
indicates that in the case of powder electrodeposition from ammo¬ 
nium chloride electrolyte, most likely, molybdenum is not deposited 
only as pure metal, but also as MoO* species, as found in the litera¬ 
ture for compact deposits [139-141]. At the same time, taking into 
account nonhomogeneous distribution of molybdenum, nickel, and 
oxygen in the electrodeposited powders, any conclusion concerning 
composition of the alloy obtained by the EDS analysis cannot be 
considered as reliable for this particular case. 
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Fig. 5.47 (a) Typical spongy particles electrodeposited at the Ni/Mo = 1/0.3. 
(b) Cavity marked with arrow in (a) at higher magnification (Reprinted from 
[122] with the permission of Elsevier.) 


5.4.2.3 Morphology of Powders Electrodeposited 
from Sulfate Containing Electrolytes 

The morphology of powder particles electrodeposited from 
electrolytes with different Ni/Mo ions concentration ratios (1/0.3, 
1/1, and 1/3) are shown in Figs. 5.47-5.49. Different morphology 
of the powder particles was obtained. 

For the Ni/Mo ratio 1/0.3 typical spongy particles were detected, 
Fig. 5.47a. The characteristic of these particles is very flat surface 
around the holes, as shown in Fig. 5.47b. 

With the decrease of the Ni/Mo ratio (1/1), two types of particles 
were obtained, as shown in Fig. 5.48. Both are spherical (rounded), 
one with flat edges (a) and another one with rough endings on top of 
the surface (b). Taking into account our previous investigations of 
alloy powders morphology [37-40], this is not unexpected. Since the 
growth of powder particles is characterized by the presence of two or 
more growth zones, it appears that spherical particles with flat edges 
have been detached from the electrode surface before the beginning 
of a growth of new zone, while the particles with rough endings have 
been detached after the beginning of the growth of a new crystals. 
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Fig. 5.48 Typical particles electrodeposited at the Ni/Mo =1/1 (Reprinted 
from [122] with the permission of Elsevier.) 



Fig. 5.49 (a) Agglomerate with dendritic surface, (b) Typical powder electro- 
deposited at the Ni/Mo = 1/3. (c) Agglomerate with flat surface (Reprinted 
from [122] with the permission of Elsevier.) 


It should be noted (not shown in this figure) that some particles were 
characterized by the presence of cracks. 

In the case of Ni/Mo ratio of 1/3 (powder with the highest amount 
of molybdenum) completely different morphology was detected, as 
shown in Fig. 5.49. The powder is composed of flat and thin parts with 
pronounced cracks, corresponding most likely to the compact deposit, 
and spherical agglomerates growing on top of a flat deposit (b). 
The surfaces of these agglomerates are either dendritic (a) or flat (c). 
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5.4.3 Composition and Phase Composition Analysis of 
As-Deposited and Recrystallized Powders 
Obtained from Chloride Electrolyte 


The phase composition analysis of the powders was performed using 
XRD. In the case of as-deposited powders practically no peaks were 
detected on the diffractograms (except one broad peak observed near 
26 = 40°, see Fig. 5.5 la —quasiamorph). It seems that, as in the case of 
compact deposits [121,142], the crystallites were extremely small, i.e., 
of the order of nanometers and the powders were quasiamorphous. 
It was obvious that the Ni-Mo alloy powders should be previously 
recrystallized to determine their phase composition. 

Two powder samples, electrodeposited from the solutions with 
Ni/Mo =1/1 (sample 2) and Ni/Mo = 1/3 (sample 3), were 
analyzed by DSC and TGA to determine recrystallization tempera¬ 
ture (Fig. 5.50) [121]. For both samples a multistep process with the 
sharp exothermic maximum on the DSC curves indicates that the 
recrystallization occurs at 543°C and should be performed at this or 
higher temperature. It should be noted that on the DSC curve for 
sample 2 additional small exothermic maximum, appearing at lower 
temperature of about 420°C, could be ascribed to the recrystallization 
of another phase present in the powder. At the same time, the TGA 
analysis revealed the weight loss of the samples of about 15%, 
corresponding most probably to the evaporation of electrolyte left 
in the pores of as-deposited powders. 

Annealing (recrystallization) was performed in N 2 atmosphere at 
600°C for 2 h. XRD analysis, shown in Fig. 5.51, revealed structural 
transformation and formation of NiMo0 4 and Mo0 3 phases. For the 
recrystallized powder sample 3, Fig. 5.51a (recryst.), with the excep¬ 
tion of few small peaks, all peaks correspond to the NiMo0 4 phase 
(T), indicating that it is possible to obtain single phase Mo-Ni-0 
powder by electrochemical deposition and subsequent annealing in 
nitrogen. With the increase of Ni/Mo ratio (samples 1 and 2, 
Fig. 5.51b), among the NiMo0 4 phase (T), Mo0 3 phase (V) was 
also detected in the powders with the intensity of its peaks increasing 
with the increase of the Ni/Mo ratio. From the intensity of the Mo0 3 
peaks it could be estimated that in sample 1 about 20% of Mo0 3 is 
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Fig. 5.50 The results of the DSC-TGA analysis for the samples 2 and 3 (marked 
in the figure) (Reprinted from [121] with the permission of Elsevier.) 

present, while in sample 2 about 10% of Mo0 3 is present. It is most 
probable that the peak at about 26 = 27° corresponds to the 
NiMo0 4 —Kp reflection (+) [121]. 


5.4.3.1 The Morphology and EDS Analysis 
of Recrystallized Powders 

The morphology of the recrystallized powders (SEM) is shown in 
Fig. 5.52a-c for samples 1, 2, and 3 respectively (see Table 5.3). 
In all cases regular crystals were obtained with smooth surfaces and 
well-defined crystal planes. The size of particles is much smaller than 
the size of as-deposited particles, varying between about 2 pm and 
about 10 pm, indicating that during the annealing procedure 
agglomerates formed by electrodeposition separate into much 
smaller crystals [121]. 

The EDS analysis was performed on the single crystal grains, 
mainly with an electron beam covering the area from about 6 pm 2 
to about 30 pm 2 (depending on the dimensions of the crystal grains). 
In some cases the point analysis (as in the case of as-deposited 
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Fig. 5.51 (a) Diffractograms of the as-deposited (quasiamorph.) and 
recrystallized (recryst.) powder sample 3. (b) Diffractograms of the 

trecrystallized powder samples 1, 2, and 3 (marked in the figure) (Reprinted 
from [121] with the permission of Elsevier.) 



Fig. 5.52 Typical crystals for samples 1— (a), 2— (b), and 3— (c), detected after 
annealing of corresponding Mo-Ni-0 powders at 600° C for 2 h (Reprinted from 
[121] with the permission of Elsevier.) 
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Table 5.4 The average composition of the recrystallized powders, determined 
by the EDS analysis 


Sample No. 

Ni/Mo 

at.% 0 2 

at.% Ni 

at.% Mo 

1 

1/0.5 

79.49 

7.54 

12.97 

2 

1/1 

80.19 

8.02 

11.79 

3 

1/3 

76.99 

10.28 

12.73 


Reprinted from [121] with the permission of Elsevier 


powders, see Fig. 5.46c) was also performed. The results of the EDS 
analysis are presented in Table 5.4. 

It is interesting to note that the average amount of Ni increases 
with increasing the concentration of molybdate ions in the solution 
(decrease of the Ni/Mo ratio), while at the same time the amount of 
Mo practically does not change with the decrease of the Ni/Mo ratio. 
Such a behavior is not in accordance with the described model, 
as well as with the theory of the induced codeposition [117-120]. 
This could be either due to the low precision of the EDS analysis, or 
the fact that the model and the theory were developed for the compact 
deposits (not applicable in the case of powder electrodeposition), or 
different mechanism of induced codeposition of Ni and Mo, or the 
consequence of solid state reaction occurring during annealing, or all 
of them together. 

Ternary phase diagram for the system Mo-Ni-0 [142, 143] is 
shown in Fig. 5.53. As can be seen, recrystallized samples 1, 2, and 3 
are placed (according to the EDS analysis) in the region where three 
compounds could be expected, NiMo0 4 , Mo0 3 , and 0 2 . Since XRD 
analysis cannot detect oxygen, the presence of Mo0 3 and NiMo0 4 
should be expected. At the same time the composition of all samples 
(EDS—Table 5.4) is not proportional to the ratio expected only for 
NiMo0 4 (1:1:4). Excess of molybdenum and oxygen clearly 
indicates the presence of Mo0 3 and oxygen, particularly in samples 
1 and 2. In the case of sample 3 only NiMo0 4 is detected by the XRD, 
most probably due to the composition of the recrystallized sample 3, 
which is very close to the line corresponding to NiMo0 4 , so that the 
small amount of Mo0 3 (less than 10%) cannot be detected. In this 
case the ratio expected only for NiMo0 4 (1:1:4) is also not achieved 
since some amount of oxygen (according to the ternary phase dia¬ 
gram [142, 143]) is present in the powder. 
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Fig. 5.53 Ternary phase diagram of the system Ni-Mo-0 with the position of 
the recrystallized samples 1, 2, and 3 (marked in the figure —filled square) 
(Reprinted from [121] with the permission of Elsevier.) 

According to the DSC analysis (Fig. 5.50), a small exothermic 
maximum appearing at lower temperature of about 420° C for sample 2 
might correspond to the recrystallization of the Mo0 3 . It is most likely 
that during the annealing at 600° C in N 2 atmosphere for 2 h, not only 
recrystallization but also solid state reaction occurs, producing Mo0 3 
and NiMo0 4 phases. This assumption needed further clarification by 
other techniques (high temperature XRD, TEM) and is the subject of the 
investigations presented in Sect. 5.4.6. 


5.4.4 Morphology, Composition and Phase 
Composition Analysis of Re crystallized 
Powders Obtained from Sulfate Electrolyte 


To define temperatures of recrystallization and solid state reaction in 
the investigated Mo-Ni-0 powders, stepwise annealing for 2 h in 
nitrogen atmosphere was performed (1) at 300°C, (2) at 400°C, (3) at 
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Fig. 5.54 SEM micrographs of the powders annealed at 300°C for the Ni/Mo 
ions ratios marked in the figure. Certain features of the powders are marked with 
arrows and shown at higher magnification in pictures (b) for the ratio 1/0.3, (d) 
for the ratio 1/1 and (f) for the ratio 1/3 (Reprinted from [122] with the permission 
of Elsevier.) 

500°C, and (4) at 600°C. After each annealing procedure their 
morphology, composition, and phase composition were analyzed. 


5.4.4.1 Analysis of Powders After Annealing 
at 300°C and 400°C 

After the annealing at 300° C only small parts of the powders particles 
were recrystallized. As shown in Fig. 5.54, small crystals could be 
detected on the particles of all powders. It should be emphasized that 
the morphology of powder electrodeposited at Ni/Mo ratio 1/3 
became completely different after this treatment. No flat and thin 
parts characterized by cracks (as it was the case for the as-deposited 
powder), corresponding most probably to the quasiamorphous 
(nanocrystalline) part of the powder deposit, could be detected. 
Hence, it appears that mostly this part of the powder crystallized. 
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Fig. 5.55 Diffractograms for the powders annealed at 300° C and 400° C 
electrodeposited at different Ni/Mo ions ratios (marked in the figure) (Reprinted 
from [122] with the permission of Elsevier.) 


Almost identical morphology was detected for the powders annealed 
at400°C [122]. 

The corresponding diffractograms are shown in Fig. 5.55. As can 
be seen, already after annealing at 300°C Mo0 3 phase was detected 
in powders electrodeposited at the Ni/Mo ions ratios 1/0.3 and 1/1, 
while for the powder electrodeposited at the Ni/Mo ions ratio 1/3 
both Mo0 3 and NiMo0 4 phases were detected, with the peaks for the 
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NiMo0 4 phase being very small, indicating that very small amount of 
this phase was present in the corresponding powder. A broad peak at 
about 26 = 44° (Y), particularly pronounced for the powder 
electrodeposited for Ni/Mo = 1/0.3, could be, most likely, ascribed 
to a still nanocrystalline NiMo0 4 phase, but there is a possibility that 
a small amount of the MoNi 4 phase is present in the powder, since 
the peaks of these two phases overlap at 26 = 44-45°. With the 
increase of the annealing temperature to 400° C practically the same 
results were obtained, indicating that no additional recrystallization 
occurred [122]. 


5.4.4.2 Analysis of Powders After Annealing at 500°C 

The annealing at 500°C produced certain change in the powders 
morphology. As can be seen in Fig. 5.56, the powder containing the 
smallest amount of molybdenum [1/0.3(a) and 1/0.3(b)] retained 
mostly the same, spongy-type morphology. At the same time, 
agglomerates with flat surfaces are still visible [1/0.3(b)], while the 
bigger crystals and higher number of crystals could be detected on 
their surfaces. It is characteristic that the surface of agglomerates for 
all samples is covered with well-defined crystals of the shape of 
elongated stubs, corresponding to the a-Mo0 3 phase [144]. 

After annealing the powders at 500°C (Fig. 5.57) more pro¬ 
nounced peaks for the NiMo0 4 phase appeared on all diffractograms, 
reflecting the increase of this phase in all powders. A broad peak at 
about 26 = 44° became sharp, particularly for the powders electro- 
deposited at Ni/Mo ratios 1/1 and 1/3, corresponding to the NiMo0 4 
phase with bigger dimension of crystallites (see Table 5.5). 


5.4.4.3 Analysis of Powders After Annealing at 600°C 

As can be seen in Fig. 5.58, the annealing at 600°C produced 
significant change in the morphology of powders. All powders 
transformed into well-defined crystals of much smaller dimensions 
than the dimensions of agglomerates, confirming the statement that a 
complete recrystallization of the Mo-Ni-0 alloy powders occurred. 




Fig. 5.56 SEM micrographs of the powders annealed at 500° C for the Ni/Mo 
ions ratios marked in the figure. Certain features of the powders are marked with 
arrows and shown at higher magnification in pictures (b) and (d) (Reprinted from 
[122] with the permission of Elsevier.) 
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Fig. 5.57 Diffractograms for the powders annealed at 500°C electrodeposited at 
different Ni/Mo ions ratios (marked in the figure) (Reprinted from [122] with the 
permission of Elsevier.) 
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Table 5.5 The 

dimensions of 
crystallites of 
different phases of 
the system Ni-Mo-O 
as a function of the 
recrystallization 
temperature (T r ) 


Phase 

Ni/Mo 

T, (°C) 

Duo (nm) a 

M 0 O 3 

1/0.3 

300 

31.37 



400 

34.15 



500 

43.47 


1/1 

300 

29.86 



400 

29.57 



500 

67.77 



600 

95.51 


1/3 

300 

34.97 



400 

35.49 



500 

45.48 



600 

82.25 

Phase 

Ni/Mo 

T r (°C) 

D 22 o (nm) b 

NiMoQ 4 

1/0.3 

500 

44.55 



600 

70.04 


1/1 

500 

67.07 



600 

81.28 


1/3 

500 

45.56 



600 

75.94 


Reprinted from [122] with the permission of Elsevier 
Reflections of the 110 (JCPDS 05-0508) 
b Reflections of the 220 (JCPDS 33-0948) 



Fig. 5.58 SEM micrographs of the typical powder particles detected for all 
samples after annealing at 600° C (Reprinted from [122] with the permission of 
Elsevier.) 
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The most characteristic is the shape of elongated stubs (Fig. 5.58a) of 
bigger dimensions in comparison with the dimensions of other 
crystals (Fig. 5.58b). 

The diffractograms recorded after annealing at 600°C are shown 
in Fig. 5.59a, b. As can be seen, significant change occurred for the 
powder electrodeposited at Ni/Mo = 1/0.3. The peaks for the Mo0 3 
phase disappeared, while the peaks for the NiMo0 4 phase became 
more pronounced. Such a behavior could be ascribed to the solid state 
reaction, with the NiMo0 4 phase being formed on the account of 
the Mo0 3 phase. It is most likely that the solid state reaction took 
place in all powders, but only for the powder with the lowest amount 
of molybdenum (32 mass %, Table 5.6) all Mo0 3 phase was 
consumed in the formation of the NiMo0 4 phase. It seems that the 
sharp peak recorded on the DSC curve at 543°C [121] corresponds to 
both complete recrystallization and solid state reaction of the 
Ni-Mo-0 alloy powders. 

The size of crystallites for both phases present in the Ni-Mo-0 
alloy powder deposits was determined by the analysis of certain 
peaks on the diffractograms shown in Figs. 5.55, 5.57, and 5.59a. 
Results are presented in Table 5.5. As expected, the size of Mo0 3 and 
NiMo0 4 phase crystallites increases with increasing the annealing 
temperature of powders [122]. 

To find out whether the MoNi 4 phase had been formed after 
annealing the powder electrodeposited at the Ni/Mo = 1/0.3 at 
600° C, additional XRD analysis of this sample was performed up 
to higher values of 26. The corresponding diffractogram is shown 
in Fig. 5.59b. As can be seen almost all peaks for this phase are 
present at the diffractogram, indicating that a small amount of the 
MoNi 4 phase has been formed. According to the shape (broad) and 
the height of the peaks, it is most likely that the crystallites were still 
small and that higher temperature should be applied for the complete 
recrystallization of this particular phase [122, 144-151]. 

According to the positions of the peaks on the diffractograms, for 
both Mo 0 3 and NiMo0 4 phases only a modifications were detected. 
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Fig. 5.59 (a) Diffractograms for the powders annealed at 600° C electrodeposited 
at different Ni/Mo ions ratios (marked in the figure), (b) Diffractogram for the 
powder annealed at 600°C electrodeposited at Ni/Mo =1/0.3, recorded at higher 
values of 26 (from 40° to 100°) (Reprinted from [122] with the permission of 
Elsevier.) 
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Table 5.6 Chemical 
and EDS analysis of the 
Ni-Mo-O powders 


1/0.3 

68 

32 

1 

66.69 

15.80 

17.52 




2 

68.94 

14.94 

16.12 




3 

61.64 

13.34 

16.84 

1/1 

50 

50 

l a 

73.36 

0.14 

26.50 




2 

69.84 

13.11 

17.05 




3 

71.04 

12.49 

16.47 




4 a 

72.93 

0.94 

26.13 

1/3 

34 

66 

l a 

73.72 

0.00 

5.46 




2 a 

72.31 

0.00 

25.32 




3 a 

75.59 

0.00 

24.41 




4 

69.54 

12.65 

17.81 




5 

65.02 

13.52 

14.55 


Reprinted from [122] with the permission of Elsevier 
a Particles of M0O3 


Chemical analysis EDS analysis 

Mass % Spectrum _ 

Ni/Mo Ni Mo O Ni Mo 


5.4.5 The EDS and Chemical Analysis 

of the Powders Re crystallized at 600° C 

The EDS analysis was performed on the crystal grains (certain 
particles bigger than 1 pm) with an electron beam covering the area 
of 1 pm 2 (shown in Fig. 5.60 for all three powder compositions). 
The results of the EDS analysis are presented in Table 5.6 together 
with the results of the chemical analysis. In the chemical analysis 
only the mass percentages of Ni and Mo were determined. 

As can be seen, the chemical composition of electrodeposited 
powders is identical to the ratios of Ni/Mo ions in the solution. It is 
characteristic that in powders electrodeposited at Ni/Mo ratio 1/0.3 
all powder particles (agglomerates) are of the same, not well defined 
crystal shape, while at higher magnification their crystals of about 
1-2 pm are well-defined (Fig. 5.60). In the case of powders 
electrodeposited at Ni/Mo ratios 1/1 and 1/3, two types of powder 
particles were detected. One, characteristic for the a-Mo0 3 , having a 
shape of very thin elongated stabs [144] reaching up to 20 pm in 
length, and another one of a rounded shape, belonging mainly to the 
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Fig. 5.60 SEM and EDS analysis of electrodeposited Mo-Ni-0 powders after 
annealing at 600° C (Reprinted from [122] with the permission of Elsevier.) 


a-NiMo0 4 phase [148-151]. This is confirmed by the results of the 
EDS analysis presented in Table 5.6. Taking into account the preci¬ 
sion of the EDS analysis, it is quite difficult to obtain exact at. % 
ratio, particularly for small particles (NiMo0 4 ), but for bigger 
particles (like Mo0 3 ) almost ideal Mo-0 ratio has been detected on 
most of the analyzed samples (Fig. 5.60, Table 5.6). 

As shown earlier, according to the ternary phase diagram for the 
system Ni-Mo-0 [142, 143], the NiMo0 4 and Mo0 3 phases should 
be seen at a given compositions of recrystallized powders. It is 
interesting to note that the previous [121] and present results [122] 
differ, since the presence of only one phase (NiMo0 4 ) in a previous 
work has been detected in the sample with the highest amount 
of molybdenum (Ni/Mo = 1/3), while in a present work this phase 
has been detected in the sample with the lowest amount of molyb¬ 
denum (Ni/Mo = 1/0.3). Although previous powders were electro- 
deposited from the chloride containing solution, it is most likely that 
this difference is a consequence of the different procedures of 
powders annealing (recrystallization). Since in this investigation 
the existence of the phase transition has been confirmed, it seems 
more realistic that this process was more pronounced in the sample 
with the lowest amount of molybdenum in the powder, where 
the whole amount of Mo0 3 phase has been consumed in the phase 
transition of Mo0 3 phase into NiMo0 4 phase. Hence, single 
NiMo0 4 phase (with small amount of MoNi 4 phase) has been 
detected in this powder. 

Taking into account that the investigated powders had to be 
annealed (recrystallized) to perform their phase composition analy¬ 
sis, the question arises: are these phases present in the as-deposited 
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powders? The only way to answer this question was to perform TEM 
analysis of as-deposited powders. 


5.4.6 The Results of TEM Analysis of As-Deposited 
Powders Obtained from Sulfate Electrolyte 


The TEM analysis was performed on two Mo-Ni-0 powders: 
Ni-rich (Ni/Mo = 1/0.3) and Mo-rich (Ni/Mo = 1/3) powders. The 
common characteristic of both powders is the presence of amorphous 
and crystalline particles. 


5.4.6.1 The TEM Analysis of Electrodeposited Ni-Rich 
Mo-Ni-O Powders 

The specimen is composed of large amorphous clusters containing 
nanosized crystalline particles. Fig. 5.61 shows a TEM image of an 
amorphous particle (a) and the corresponding SAED pattern (b). 

Diffuse diffraction rings clearly indicate amorphous character of 
this powder particle. Weak spots in the diffraction pattern correspond 
to the {211} reflections of fine MoNi 4 nanoparticles (JCPDF # 65- 
1533) [152], shown in the close-up in Fig. 5.61c. In the crystalline 
parts of the Ni-rich powder the following phases were detected: NiO, 
Mo 0 3 , and MoNi 4 , in the form of idiomorphic crystallites measuring 
up to 70 nm in diameter. Figure 5.62 shows a cluster of well- 
crystallized nanoparticles. The SAED pattern (shown in Fig. 5.62b) 
from these clusters best corresponds to the monoclinic Mo0 3 phase 
(JCPDF # 89-1554) [153], or one of its structural variants, depending 
on the position in the sample. Typical morphology of euhedral Mo0 3 
crystals is shown in Fig. 5.62a and on the close-up in Fig. 5.62c. Most 
of the crystals are tabular on {200}. The strongest SAED diffraction 
rings in the pattern correspond to: D x = {200}, D 2 = {211}, 
D 3 = {220}, and D 4 = {022}. In the Ni-rich areas of the sample 
we observe crystalline MoNi 4 and NiO. MoNi 4 appears in the form of 
irregularly intergrown grains measuring up to 10 nm in average. 
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Fig. 5.61 (a) TEM image of the amorphous Mo-Ni-O particle detected in the 
powder electrodeposited at the Ni/Mo ratio 1/0.3. (b) SAED pattern recorded 
from this area (a) shows predominantly amorphous material (am) with weak 
reflections corresponding to MoNi 4 nanocrystals (xl). (c) High magnification of 
amorphous Mo-Ni-0 particle with MoNi 4 nanocrystals (Reprinted from [123] 
with the permission of Elsevier.) 


An area of prevailing MoNi 4 composition is shown in Fig. 5.63a, 
with corresponding SAED pattern in Fig. 5.63b. The strongest 
reflections were indexed to D x = {211}, D 2 = {002}, D 3 = {132}, 
andD 4 = {501} [152]. In some areas we also find isolated crystals of 
NiO with a predominating cubic morphology and the edges truncated 
by rhombic dodecahedral faces. A close-up of a typical NiO 
nanocrystal is shown in Fig. 5.63c, showing well-resolved {200} 
lattice planes. The diffraction rings of the NiO phase cannot be 
seen most probably due to much stronger diffraction lines for the 
MoNi 4 and Mo0 3 phases. Accordingly, its presence is determined by 
the measurement of D values, as shown in Fig. 5.63c [123]. 

It should also be stated that on both SAED patterns, and other 
SAED patterns, additional diffraction lines (more or less pro¬ 
nounced) are present, indicating that at the position of TEM analysis 
other phases are also present (actually at each position of TEM 
analysis mixture of different phases exists), but the best defined are 
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Fig. 5.62 (a) TEM image of euhedral M 0 O 3 nanocrystals in the sample with the 
Ni/Mo ratio 1/0.3. (b) Electron diffraction pattern from this area indicates 
the presence of monoclinic M 0 O 3 phase. The strongest SAED diffraction rings in 
the pattern correspond to and D x = {200}, D 2 = { 211}, D 3 = {220}, and 
D 4 = {022}. (c) Mo0 3 crystals are terminated with well-defined {200} dominating 
pinacoidal faces (Reprinted from [123] with the permission of Elsevier.) 


the ones determined by the analysis of the SAED patterns. Hence, it 
could be concluded that the MoNi 4 and Mo0 3 phases prevail in the 
powder with high Ni content (electrodeposited at the Ni/Mo ratio 
1/0.3), while some amount of NiO phase has also been detected. 


5.4.6.2 The TEM Analysis of Electrodeposited Mo-Rich 
Mo-Ni-O Powders 

A general appearance of Mo-rich sample does not differ much from 
the Ni-rich sample. The TEM of typical amorphous cluster is shown 
in Fig. 5.64a. In the small crystalline areas (xl) traces of MoNi 4 and 
Mo0 3 phases were detected and their diffraction patterns are 
presented in Fig. 5.64b, c, respectively. The diffraction lines in 
Fig. 5.64b are barely visible, indicating amorphous character of the 
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Fig. 5.63 (a) High-resolution TEM image of intergrown MoNi 4 nanocrystals. 
In the pockets of MoNi 4 grains there are remnants of uncrystallized amorphous 
phase (am), (b) SAED pattern shows rings of high intensity spots at reciprocal 
distances corresponding to MoNi 4 phase. The strongest reflections were indexed 
to Di = {211}, D 2 = {002}, D 3 = {132}, and Z) 4 = {501}. (c) Idiomorphic 
NiO particle (rock-salt structure) with well-resolved {200} lattice planes. The 
crystal is faceted with cube {001} and dodecahedral {110} faces (Reprinted from 
[123] with the permission of Elsevier.) 


MoNi 4 phase, while much stronger diffraction lines for the Mo0 3 
phase (Fig. 5.64c) indicate its more pronounced crystallinity. In this 
sample the presence of NiO phase has not been detected. 

It appears that in both samples MoNi 4 phase is more strongly 
bound to the amorphous phase than the oxide phases. This might be 
the reason why in our previous investigation [121,122] this phase has 
clearly been detected by XRD in the recrystallized samples only after 
annealing at 600°C, while at all other temperatures a broad peak 
around 28 = 44° was only an indication of its existence. 

It should be emphasized here that most of the phases detected in 
the recrystallized electrodeposited Mo-Ni-0 powders [121, 122] 
(MoNi 4 and Mo0 3 ) were also found in as-deposited Mo-Ni-0 
powders, indicating their formation during the process of alloy 
electrodeposition. 
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Fig. 5.64 (a) TEM image of the amorphous Mo-Ni-O cluster containing some 
crystalline areas in the powder electrodeposited at the Ni/Mo ratio 1/3. (b) SAED 
pattern from the area rich in MoNi 4 nanocrystals, similar to those in the Ni-rich 
sample, shown in this figure, (c) SAED pattern of the area containing M 0 O 3 
nanocrystals, similar to those in the Ni-rich sample, shown in Fig. 5.63 (Reprinted 
from [123] with the permission of Elsevier.) 


As stated earlier the most probable mechanism for Ni and Mo 
codeposition is the one reported by Podlaha and Landolt [117-120] 
after X-ray fluorescence analysis of the electrodeposited alloy. Their 
investigations were performed under controlled mass transport 
conditions (rotating cylinder electrode). The model assumes that 
the Ni electrodeposition occurs on the surface not covered by the 
molybdate ions as a reaction intermediate, by direct reduction of 
nickel species (all of them being complex of Ni 2+ cations with the 
citrate anions), independently on the molybdate reaction which can 
occur only in the presence of nickel species [1 17-120]. The model of 
the Mo-Ni alloy electrodeposition is described by the following 
reduction reactions: 


NiCit + 2e —> Ni(s) + Cit 3 , 


(5.17) 
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Mo 0 4 2_ + NiCif + 2H 2 0 + 2e~ -► [NiCitMo0 2 ] ads “ + 40H" 

(5.18) 

[NiCitMo0 2 ] ads “ + 2H 2 0 + 4e~ -> Mo(s) + NiCit” + 40H“ 

(5.19) 

H 2 0 + e~ —> ^H 2 + OH - (5.20) 


assuming that the Mo-Ni alloy electrodeposition is always 
accompanied by the simultaneous hydrogen evolution [reaction 

(5.20)]. This model has been recently confirmed, since the existence 
of adsorbed intermediate [NiCitMo0 2 ] a ds by the in situ surface 
Raman spectroscopic studies has been detected [154]. However, 
it should be noted here that the whole mechanism has been based 
on the X-ray fluorescence analysis of the electrodeposited alloys, and 
from the content of Ni and Mo their partial current densities of 
electrodeposition were calculated and used for the analysis of the 
mechanism [117-120]. 

In our investigations Ni 2+ ions were complexed with ammonia. 
Six complexes of nickel with ammonium anion can be formed (their 
stability constants are also given): [124] 


Ni 2+ +NH 3 [Ni(NH 3 )] 2+ 
Ni 2+ + 2NH 3 <-► [Ni(NH 3 ) 2 ] 2+ 
Ni 2+ + 3NH 3 <-> [Ni(NH 3 ) 3 ] 2+ 
Ni 2+ +4NH 3 <-> [Ni(NH 3 ) 4 ] 2+ 
Ni 2+ + 5NH 3 ^ [Ni(NH 3 ) 5 ] 2+ 
Ni 2+ + 6NH 3 ^ [Ni(NH 3 ) 6 ] 2+ 


K i=6.31xl0 2 (5.21) 

K 2 = 2.51 x 10 5 (5.22) 

K 3 = 5.89 x 10 6 (5.23) 

K 4 = 9.12 x 10 7 (5.24) 

^5 = 5.13 x 10 8 (5.25) 

K 6 = 5.49 x 10 8 (5.26) 


Another complex which could be involved in the reaction 
mechanism is [Ni(OH) 3 ] _ complex. Taking into account that the 
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solution pH is 9, the concentration of OH - ions is very low (of the 
order of 10 -5 M), while the concentration of ammonium ions is 
1.7 M. Due to the low dissociation constant of ammonium hydroxide, 
actual concentration of ammonia in such solution is 0.6 M [155]. 
According to the literature [156], the dominant complex of nickel 
is [Ni(NH 3 ) 3 ] 2+ , formed by reaction (5.23), although its stability 
constant is not the highest. Hence, this complex is involved in the 
reaction of Mo-Ni-0 powder deposition. 

Taking into account that NiO, Mo0 3 , and MoNi 4 phases were 
detected in as-deposited samples by TEM, it is obvious that the 
mechanism of alloy electrodeposition similar to the one presented 
by equations (5.17)-(5.20) could be applied for the formation of 
MoNi 4 phase only, since it assumes complete reduction of both 
metal ions. By the analogy with the mechanism proposed by Podlaha 
and Landolt [117-120], we believe that the MoNi 4 phase could be 
formed by the following mechanism: 


[Ni(NH 3 )] 2+ + 2e~ -► Ni(s) + 3NH 3 

(5.27) 

Mo0 4 2 “ + [Ni(NH 3 ) 3 ] 2+ + 2H 2 0 + 2e~ 

- [Ni(NH 3 ) 3 Mo0 2 ] ads 2+ +40H- 

(5.28) 

[Ni(NH 3 ) 3 Mo0 2 ] ads 2+ + 2H 2 0 + 4e~ 
Mo(s) + [Ni(NH 3 ) 3 ] 2+ + 40H" 

(5.29) 

The most probable mechanism for the Mo0 3 phase formation is 

Mo0 4 2_ + [Ni(NH 3 ) 3 ] 2+ + H 2 0 + 2e~ 

-> Mo0 3 + Ni(s) + 3NH 3 + 20H“ 

(5.30) 

The presence of NiO phase cannot be explained by the reduction 
of nickel complex. According to Palmer et al. [157] NiO could be 
formed by following chemical reactions: 

Ni 2+ + H 2 0 -> NiO + 2H+ 

(5.31) 
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[Ni(OH)] + — NiO + H + 

(5.32) 

[Ni(OH) 2 ] ->• NiO + H 2 0 

(5.33) 

[Ni(OH) 3 ]“ + H + -> NiO + 2H 2 0 

(5.34) 


Reactions (5.31), (5.32), and (5.34) are highly impossible since 
Ni 2+ , [Ni(OH)] + , and [Ni(OH) 3 ]~ are not present in the solution, 
while the reaction (5.33) could be considered as possible (as 
explained below). Although at a given pH the concentration of the 
OH - ions is very low (of the order of 10 -5 M), due to massive 
hydrogen evolution during the process of powder electrodeposition, 
reaction (5.20), the concentration of the OH - ions in the vicinity of 
the electrode surface significantly increases and the reaction between 
OH - ions and [Ni(NH 3 ) 6 ] 2+ can occur producing [Ni(OH) 2 ], since 
the stability constant for [Ni(OH) 2 ] is two orders of magnitude higher 
than that for [Ni(NH 3 ) 3 ] 2+ . Hence, [Ni(OH) 2 ] could be formed by the 
reaction 


[Ni(NH 3 ) 3 ] 2+ + 20H" — [Ni(OH) 2 ] + 3NH 3 (5.35) 

Formed [Ni(OH) 2 ] becomes entrapped in the deposit to a certain 
extent. During the procedure of powder drying at 120°C, reaction 
(5.33) can take place. The “transition temperature at which nickel 
hydroxide dehydrates to form the oxide is ca. 75°C” [Eq. (5.33)] 
[157]. Thus, the most possible way for the NiO formation is 
dehydration of entrapped [Ni(OH) 2 ] during the procedure of powder 
drying. In such a case smaller amount of the NiO phase than the 
amounts of other phases (Mo0 3 and MoNi 4 ) should be expected in 
the deposit, as it was the case in the TEM analysis [123]. 

Hence, it seems that complete reduction of both metal ions occurs 
to some extent [reactions (5.27)-(5.29)] forming MoNi 4 phase, 
but the Mo0 3 and NiO phases must be produced by additional 
reactions, (5.30), (5.33) and (5.35), respectively. It is important to 
note that the formation of metallic Ni(s) is a result of two reactions, 
(5.27) and (5.30), and that this could be the reason for a formation of 
MoNi 4 phase during complete reduction of both metal ions by 
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reactions (5.27)-(5.29). Of course, it should be stated here that the 
most probable mechanism proposed by Podlaha and Landolt 
[117-120] is valid for the deposition of compact deposits from citrate 
containing solution (although there is an indication for the presence 
of oxygen in the compact deposits too [152-154]), while we were 
investigating powder electrodeposition from different ammonium 
sulfate solution. On the other side, it seems reasonable to assume 
that the electrodeposition mechanism does not depend on the poten¬ 
tial (current) and that it should be the same for the deposition of 
compact and powderous deposits. 

After these findings it is much easier to understand the process of 
solid state reaction that is supposed to take place during the annealing 
of these powders [121,122]. The formation of NiMo0 4 phase should 
be the consequence of the reaction between NiO and Mo0 3 in 
the solid state, which takes place at a temperature of about 600°C 
[150, 158, 159] and is more pronounced in the Ni-rich Mo-Ni-0 
powder [122]. 


5.5 Conclusions 

The composition of the electrolyte, i.e., Ni 2+ /Co 2+ ions ratio, 
influences polarization curves for Co-Ni alloy powders electrodepo¬ 
sition, as well as alloy powder composition and morphology. It is also 
concluded that the shape of the polarization curves in all cases 
is practically defined by the shape of the polarization curve for 
hydrogen evolution. In the case of Ni powder cauliflower and 
spongy-type particles are detected, while Co powder contains 
only spongy-type particles. Both types of particles are present in 
the Co-Ni alloy powders obtained at Ni 2+ /Co 2+ ions ratios 4.00, 
1.50, and 0.67, while only spongy-type particles are detected in the 
Co-Ni alloy powder obtained at Ni 2+ /Co 2+ ions ratio 0.25. In all 
cases of alloy powder electrodeposition anomalous type of 
codeposition is detected. 

The morphology and composition of electrodeposited Fe-Ni alloy 
powders depend on the Ni/Fe ions concentration ratio in both 
electrolytes. Anomalous codeposition of Fe and Ni has been 


5 Morphology, Chemical, and Phase Composition... 


337 


confirmed by the EDS analysis of alloy powders, being more 
pronounced in the electrolyte containing Fe(III) salts due to the 
possibility of Fe(OH) 2 formation. A common characteristic for all 
alloy powder samples was the presence of cone-shaped cavities and 
nodules. The possibility of the formation of single crystal FeNi 3 
phase was found to exist in both electrolytes. It appears that it is 
better to use electrolyte with Fe(II) salts, independently of the 
supporting electrolyte, since the current efficiency for Fe-Ni powder 
electrodeposition is much higher than that from the solution 
containing Fe(III) salts. 

After annealing in air at 400°C, 600°C, and 700°C for 3 h all alloy 
powders oxidized forming NiO, NiFe 2 0 4 , and Fe 2 0 3 with the NiO 
phase disappearing in the samples with higher percentage of Fe. The 
NiFe 2 0 4 phase was found to be dominant in the sample with the 
highest percentage of Fe annealed at 600°C. From the EDS and XRD 
analysis it could be concluded that the powders were not completely 
oxidized during annealing in air at 400° C and 600° C. 

The morphology, chemical, and phase composition of as-deposited 
and annealed Mo-Ni-0 powders depend on the Ni/Mo ions concen¬ 
tration ratio. XRD and SEM analysis revealed that all alloy powders 
are partially recrystallized already at 300° C, showing the presence of 
Mo0 3 and NiMo0 4 phases. After annealing at 600° C complete 
recrystallization of all powders is confirmed by SEM analysis, 
showing the absence of any powder agglomerates and the presence 
of well-defined crystal grains. In the powder electrodeposited at 
the Ni/Mo ratio 1/0.3 XRD revealed the presence of only one phase, 
NiMo0 4 , indicating that a single phase powder of the system 
Ni-Mo-0 could be obtained by proper choice of electrodeposition 
parameters. At the same time the disappearance of Mo0 3 phase for 
this sample confirmed that the phase transition from Mo0 3 into 
NiMo0 4 phase occurred during annealing at 600° C. The TEM and 
XRD analysis revealed that two types of particles could be detected in 
both Ni-rich and Mo-rich as-deposited powders: amorphous and crys¬ 
talline particles. Among the crystalline particles in both powders 
Mo0 3 and MoNi 4 phases prevail, while in the Ni-rich powder NiO 
phase has also been detected. Based on these findings the 
corresponding mechanism of Mo-Ni-0 powders electrodeposition 
has been proposed. 
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